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Chapter 1
Introduction
When energetic electrons enter matter they will be scattered and lose energy
through the interaction with the electrons and nuclei in the medium. The
interaction is primarily governed by the long range Coulomb force and can be
generally thought of as collisions between the incident electrons and either the
atomic electrons or the nuclei of the medium. In these collisions electrons un-
dergo deceleration; hence they emit electromagnetic radiation. This radiation
process is related to the fundamentals of the theory since it is a consequence
of the general coupling of the electromagnetic field and matter fields.
There is another class of radiation phenomena in which radiation is emit-
ted when an energetic charged ion impinges on a neutral atomic system, the
so called ion-atom collision. This process constitute reaction channels of great
importance not only for fundamental physics, but also in applied fields. Exam-
ples include astrophysics, radiology, radiation therapy, and material science.
It is assumed that during the entire collision the distance between the two
nuclei involved remains large enough so that only electromagnetic interactions
prevail while strong nuclear interactions of the ionic nuclei do not play any
role. In order to experimentally ensure a purely atomic collision, in which the
nuclei never overlap, one has to accept only those events in which the projectile
emerges intact, except perhaps for the gain or loss of one or more electrons.
In ion-atom collisions, electrons can be excited, ionized, or transferred from
one collision partner to the other. The spectroscopy of electrons emitted in
ion-atom collisions is based on the analysis of electron energies and scattering
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angles in the final state, i.e. cross sections doubly differential in kinetic energy
and emission angle for the ejected electrons. Electron spectroscopy continues
to be one of the most important and sensitive tools to study the electronic
structure of the collision partners and contains a wealth of necessary infor-
mation on the interaction potentials and the collision dynamics [1, 2]. The
rapid growth in the last three decades in basic- and application-studies using
electron spectroscopy can be attributed to the advance in the technology and
design of accelerators and storage rings which provided new atomic systems
such as high-Z few-electron atoms and bare high-Z nuclei and thus exposed
them to experimental study. Whereas experiments in the past were frustrated
for lack of high resolution energy analyzers, sensitive electron detection sys-
tems, or sufficiently good vacuum for meaningful results, today there is almost
bewildering array of technology and instrumentation in all these areas with
which accurate results can be supplied.
The electronic emission in ion-atom collisions is a rich field of research in
atomic physics and has received a great deal of attention in recent years. In
particular, electrons which are emitted with nearly zero velocity relative to
the projectile, called cusp electrons and appear in the laboratory frame in the
forward direction with a velocity that equals the projectile velocity, and their
peak structures have been the focus of a variety of experimental and theoretical
investigations as the doubly differential cross section dσ
dEdΩ
for the production of
these cusp electrons in ion-atom collisions provides detailed information about
the dynamics of the collision process [3] and its detailed comparison with the
underlying theoretical models provides a stringent test of theory.
At low collision energies (<∼13 MeV/u for protons, <∼ 50 to 100 MeV/u
for uranium), cusp electrons are most likely generated by either direct Coulomb
electron capture from bound states of the target to low-lying continuum states
of the projectile (electron capture to continuum ECC) or by the excitation to
the projectile continuum from bound projectile states (electron loss to con-
tinuum ELC). A striking feature distinguishing the two cusp processes is the
strong asymmetry in the velocity spectrum of the emitted electrons in the ECC
process skewed to the low energy side of the cusp in contrast to the nearly sym-
metric ELC [4]. The important consequence of the measured asymmetry of
5the ECC cusp distribution is the experimental support it has given to the
theoretical claim of the importance of second Born terms in the double differ-
ential cross section as the first order theories predict a symmetric distribution
[5, 6, 7].
The dynamics of the ECC process is complex and requires a violent collision
with a large momentum transfer [8], it can be visualized as a continuation of the
nonradiative capture to Rydberg states (NEC) across the ionization threshold
of the projectile with increasingly larger orbits such that the captured electron
finally becomes unbound at the continuum threshold [2, 9]. Burgdo¨rfer [10]
emphasized that a measurement of the asymmetry of the double differential
cross section for the ECC cusp allows the determination of the charge asymme-
try of the electron clouds in the ECC and thus provides unprecedented details
of the dynamics of the transfer mechanism.
With increasing collision energy in the relativistic domain, electron cap-
ture process becomes predominantly accompanied by the emission of radiation.
The radiative capture to bound (REC) and continuum states (RECC) rapidly
gains importance over the nonradiative capture channels (NRC and ECC) as
it exhibits a much gentler decrease with collision energy (see equations 2.40
and 2.41 and figure 1.1) due to the additional radiative degree of freedom
[7, 11, 12].
In the RECC and ECC processes initial and final states are identical except
for the presence of a photon appearing with the RECC. The photons emitted
from RECC have the same physical origin as those emitted from REC which is
due to the radiative electron capture into the projectile ion, followed by x-ray
emission. The difference is the final state of the electron in the projectile ion;
a discrete bound state in the case of REC and a continuum state in the case of
RECC. Consequently, the cross sections for REC and RECC exhibit different
dependence on the projectile charge Zp and projectile velocity vp as discussed
by Shakeshaft and Spruch [14].
A detailed analysis of the RECC [6, 7] laid open the close relationship
between the RECC process and the bremsstrahlung radiation process: the
radiative capture of an electron from a bound target state into a low-lying
continuum state of the heavy projectile appears in the projectile rest frame
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Figure 1.1: Total electron-capture cross sections for U92+ on a N2 target versus projectile
energy. The dotted line represents the result of the eikonal approach for the NRC process.
The dashed line gives the prediction obtained within the dipole approximation for the REC
process. The solid line refers to the sum of both predictions. Figure adapted from [13].
(i.e. in inverse kinematics) as the fundamental process of electron-nucleus
bremsstrahlung at the short wavelength limit where the entire kinetic energy
of an incident electron is transferred to a photon due to the interaction with
the target nucleus.
It deserves to be emphasized that the complete differential cross sections for
the short wavelength limit of electron nucleus bremsstrahlung are not accessi-
ble using standard experimental configurations [15] in which bremsstrahlung
is measured during electron scattering from solid targets, simply because elec-
trons which have during their collision lost almost their entire kinetic energy
cannot escape from the target foil. This means, coincidences between x-ray
photons and outgoing electrons of near zero kinetic energy could not be ac-
complished. For this reason complete differential cross sections for electron
nucleus bremsstrahlung reported in the literature cover only the soft x-ray re-
gions and those of moderate energy loss of the incident electron [15]. There
are numerous treatises on e-n bremsstrahlung in the literature, the high fre-
quency end of the photon spectrum is only scarcely covered. To the best of
our knowledge, the fundamentally interesting short wavelength limit of the e-
7n bremsstrahlung with its profound intrinsic relationship to photo-ionization
(section 2.1.3) could not be studied up to now in kinematically complete fash-
ion. We thus turn our attention to the study of coincidences between electrons
in the RECC cusp and outgoing photons as a study in inverse kinematics which
should eventually lead to the long desired fully differential cross sections for
e-n bremsstrahlung at the short wavelength limit.
In the course of the present work, which represents a first step in a series
of experiments, we report a measurement of the RECC and the differential
cross sections for e-n bremsstrahlung produced by 90 MeV/u U88+ beryllium-
like uranium impinging upon N2 gaseous target. Particular attention has been
paid to the short wavelength limit (hard photon emission) of the spectrum and
its relation to the radiative electron capture to continuum RECC.
The experiment was performed by means of a forward electron spectrom-
eter which is implemented in the experimental storage ring ESR at GSI in
Darmstadt (www.gsi.de) and dedicated to 0◦ electron spectroscopy. As em-
phasized in a commissioning phase, the spectrometer is capable of guiding
fast electrons emitted in the forward direction in a narrow cone around the
beam direction towards a position and time sensitive detector. This electron
spectrometer is being joined presently (fall 2006 ) to a reaction microscope to
enable for the first time for kinematically complete experiments at relativistic
energies. Before being implemented in the ESR, the reaction microscope was
mounted temporarily in the linear accelerator (UNILAC) and used for studies
of dynamics of simultaneous target and projectile ionization [16, 17]. Here,
we report also a detailed description of the construction of the reaction micro-
scope and its advantages and limitations besides the first experimental results
for simultaneous target and projectile ionization in the collision of 3.6 MeV/u
Ne3+ ions and argon target.
The present thesis is organized as follows: the theoretical aspects are dis-
cussed in chapter 2, including the forward electron emission in ion-atom colli-
sions and the classical and quantum mechanical points of view of the electron
nucleus bremsstrahlung. The short wavelength limit and its close relation to
the RECC as inverse kinematics is also presented. A short summery of the
binary encounter process and the kinematics of inelastic ion-atom collisions
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is also given at the end of this chapter. In chapter 3 we discuss in details
the experimental setup used for the two experiments reported in this work.
The forward electron spectrometer is described together with the electronics
for the data acquisition system and the commissioning phase results. The
reaction microscope is also described in this chapter with the detectors used
and its momentum resolution. The experimental results obtained using the
reaction microscope at low energy are also presented in this chapter. Chapter
4 represents the actual experimental results on the short wavelength limit of
e-n bremsstrahlung and the collected x-ray spectrum coincident with RECC
electrons. The observed forward-backward asymmetries of ECC and RECC
are presented together with the symmetric ELC and cusp electron distribu-
tions. The performed measurements and the obtained results are summarized
in English in chapter 5 and in German in chapter 6. In chapter 7 a view into
the future is given.
Chapter 2
Theoretical and Experimental
Background
2.1 Elementary Process of Electron-Nucleus
Bremsstrahlung
The emission of radiation in the scattering of an electron from an atom is
called bremsstrahlung, German for ”breaking radiation”, because it was first
observed when high energy electrons were stopped in a thick metallic target.
In fact, bremsstrahlung radiation gains its importance from the fact that it
constitutes the simplest reaction beyond pure elastic scattering because the
final state consists of two interacting fragments plus a photon while other in-
elastic processes, such as particle production, involve three or more interacting
particles. In addition, bremsstrahlung radiation represents an important x-ray
production mechanism in ion-atom collisions and for very heavy projectiles
contains information about the coupling of electromagnetic field with matter
in the presence of strong fields.
In a bremsstrahlung event, the main force acting on the incident elec-
tron leading to bremsstrahlung emission is due to the Coulomb field of the
nuclear charge. The bremsstrahlung radiation which results from the inter-
action between an incident electron and the nucleus of the target atom is
called electron-nucleus bremsstrahlung (e-n bremsstrahlung). The effect of the
9
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atomic electrons is twofold: On the one hand, the charge distribution of the
atomic electrons screens the Coulomb field of the target nucleus as a static
charge distribution. the main consequence of the screening is a reduction
in the cross section for bremsstrahlung emission corresponding to a reduc-
tion in the effective charge seen by the electron being scattered by the atom.
The reduction is largest at large impact parameters for which the nuclear
charge is nearly completely shielded, the reduction is least at small impact
parameters (interior atomic distances) and even negligible at relativistic col-
lision velocities [18]. On the other hand, the atomic electrons may act as
individual particles and the bremsstrahlung process may also take place in
the collision with an atomic electron. The bremsstrahlung radiation which
results from the interaction between the incident electron and the orbital
electrons of the target atom is called electron-electron bremsstrahlung (e-e
bremsstrahlung). The e-e bremsstrahlung in general gives a small contribution
to the total bremsstrahlung emission that it is not taken into account in most
bremsstrahlung measurements. Especially in the case of high-Z targets, the ex-
periments give almost pure e-n bremsstrahlung, since the e-n bremsstrahlung
is closely proportional to Z2T , ZT being target atomic number, whereas the e-e
bremsstrahlung is proportional to the number of electrons, i.e. ZT for neutral
targets [19, 20]. Besides, the e-e system has no electric dipole moment so that
at non-relativistic energies the e-e quadrupole radiation is much weaker than
the dipole radiation of the electron-nucleus system. The e-n bremsstrahlung is
thus considered always to be the dominant source of producing bremsstrahlung
radiation. It is, however, not always easy to distinguish experimentally be-
tween bremsstrahlung photons produced in the fields of atomic nuclei and of
the atomic electrons [21, 22, 23]. The only way to isolate neatly the con-
tribution of e-e bremsstrahlung is based on coincidence measurements of the
differential cross section [24, 25, 26, 27, 20].
The term ”elementary process of bremsstrahlung” means that not only the
emitted bremsstrahlung photons are considered but also the pertinent scat-
tered electrons. Experimentally the elementary process is observed by detect-
ing the photons in coincidence with outgoing electrons scattered inelastically
into a particular direction. Although such a coincidence experiment between
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emitted photons and outgoing electrons had been suggested as early as 1932 by
Scherzer [28], the first measurements of the elementary bremsstrahlung process
have been performed beginning in 1966 by Nakel [29, 30, 31], those of the ele-
mentary process of e-e bremsstrahlung beginning in 1972 by Nakel and Pankau
[24, 25, 26, 27]. The results of such electron-photon coincidence experiments
yield stringent tests for theoretical predictions of the fully differential cross
section of the process. The e-n bremsstrahlung has been the subject of several
reviews (see for example [18] for a recent review; for an early review see [32]).
2.1.1 Classical Considerations on the e-n Bremsstrahlung
Process
From the classical point of view, e-n Bremsstrahlung is generated when a high-
speed incoming free electron with initial kinetic energy E◦ interacts with the
Coulomb field of the nucleus of a target atom. As a result, the electron under-
goes a significant deflection in angle and slows down, losing kinetic energy. The
energy lost by the incident electron is converted into a photon of electromag-
netic radiation (figure 2.1). The energy lost by the incoming electron ranges
from small fractions of E◦ up to its total initial kinetic energy E◦. Similarly,
the emitted photon may have any amount of energy up to the total kinetic en-
ergy of the incoming electron. According to energy conservation this process
is situated along a straight line
E = E◦ − Eγ (2.1)
in a E, Eγ graph. Here, E and Eγ are the outgoing electron and photon
energies respectively; the recoil energy of the nucleus is negligible due to its
large mass.
The collision time is considered to be the time interval τ during which
significant acceleration occurs. Significant acceleration occurs only when the
electron experiences appreciable strength of the target nucleus Coulomb field.
A measure of the time interval over which the Coulomb field of the target
nucleus seen by the electron is appreciable is [33]
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τ ' b
γv
(2.2)
where b is the impact parameter, v is the electron velocity, and γ is the relativis-
tic factor (1/
√
1− β2). The intensity I of radiation emitted by the electron
during the collision can be expressed as (equation 15.1 of Jackson [33])
d2I
dωdΩ
=
e2
4pi2c
|
∫
d
dt
[
n× (n×B)
1− n ·B ]e
iω(t−n·r(t)
c
)dt |2 (2.3)
where ω is the emitted radiation frequency. The radiation emitted by the
incident electron will be appreciable only when the phase
Φ(t) ∼ ω(t− n · r(t)
c
) (2.4)
of the integrand changes relatively little during the collision. For non-relativistic
collisions (γ ' 1, β << 1), this leads to a relation between the emitted radia-
tion frequency ω and the collision time τ that must be satisfied if there is to
be significant radiation given by [33]
ωτ < 1 (2.5)
while at higher frequencies (ωτ > 1) the radiation intensity will fall rapidly to
zero.
The initial momentumP◦ of the incident electron is shared after the collision
between three particles, the outgoing electron, P, the emitted photon, k, and
the recoil nucleus, q.
P◦ = P+ k+ q (2.6)
Due to its large mass the nucleus can take any recoil momentum, so that
for a fixed momentum of the outgoing electron the photon can be emitted
in any direction and similarly for a fixed momentum of the emitted photon
the outgoing electron can be scattered in any direction. Mathematically, the
equation of momentum conservation, equation 2.6, puts no restrictions on the
directions of emission of photons and directions of scattering of electrons; this
is not in agreement with experimental findings. Electron-photon coincidence
experiments for electron-nucleus bremsstrahlung were conducted by several
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Figure 2.1: Schematic of the elementary process of e-n bremsstrahlung.
groups [27, 34, 35]. In all these experiments, coincident photon and electron
angular distributions were reported. It was proved that there is a strong an-
gular correlation with the photons emitted predominantly on the same side as
the decelerated outgoing electrons relative to the primary beam. At extreme
relativistic energies both the photon and the outgoing electron tend to pro-
ceed in the same direction as the incident electron [15]. This behavior can
be understood classically by considering the radiation patterns of the electron
along its hyperbolic orbit around the nucleus. In this situation the electron
is in instantaneously circular motion with its acceleration perpendicular to its
velocity (figure 2.2). The motion of the electron can be determined precisely
from the classical dynamics. The intensity, the spectrum, and the angular
distribution of the radiation of the electron can then be related directly to the
properties of its trajectory and motion by classical electrodynamics where the
instantaneous emitted energy flux is given by the Poynting vector, i.e. energy
flow per unit area per unit time. The general formula for the classical angular
distribution of the radiated power is given by (equation 14.44 of Jackson [33]):
dP
dΩ
=
e2
4pic3
a2
(1− β cos θ)3 [1−
sin2 θ cos2 φ
γ2(1− β cos θ)2 ] (2.7)
where dP
dΩ
is the power radiated per solid angle, e is the electron charge, c is
the speed of light, a is the acceleration of the electron, β is the speed of the
electron in units of the speed of light, γ = 1/
√
1− β2 is the relativistic factor,
θ and φ are the customary polar angles defining the direction of observation
nγ with the coordinate system chosen such that instantaneously β is in the z
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Figure 2.2: Classical hyperbolic orbit of the electron around the nucleus.
direction and a is in the x direction, as shown in figure 2.3.
In the above formula, the emitted power is proportional to the square of
the acceleration of the electron (dP
dΩ
∝ a2), which means inversely proportional
to the impact parameter b (dP
dΩ
∝ b−4), this leads to the conclusion that at the
smallest distance from the nucleus the interaction between the electron and
the nucleus is strongest and the radiation is strongest. On the other hand, at
large impact parameters when the electron passes far away from the nucleus,
the acceleration becomes negligible and as a result no radiation is emitted.
Qualitative patterns for the velocity dependence of the angular distribution
of the radiated power to be expected from electrons at low and relativistic ve-
locities according to equation (2.7) are shown in figure (2.4). At low electron
velocities, there is a symmetric broad distribution with the direction of accel-
eration as the symmetry axis. At higher electron velocities, the distribution is
no longer symmetric and becomes increasingly forward peaked for increasing
incident velocity.
The radiation cross section was investigated from a quasi-classical point
of view by Kim and Pratt [36]. They have pointed out that the radiation
spectrum generated from a certain trajectory of an incident electron in a central
potential can be obtained by taking the Fourier transform of the dipole moment
d(t) = −er(t) (2.8)
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Figure 2.3: Coordinate system chosen in describing the classical angular distribution of
e-n bremsstrahlung in equation 2.7. nγ is the direction of observation.
Figure 2.4: Qualitative radiation patterns to be expected from electrons (a) at low veloc-
ities (b) at relativistic velocities [18].
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of the electron on that trajectory, defined as
df (t) =
∫ ∞
−∞
d(t)eiωtdt (2.9)
where ω is the frequency of the radiation. The total radiation spectrum is then
obtained by integrating the spectrum of a single trajectory over all trajecto-
ries, i.e. all different impact parameters of electrons. The resulting photon
frequency spectrum (shown in figure 2.5) in this case tends to an asymptotic
value and unphysically extends to infinity.
Finally, it should be noted that the classical theory of e-n bremsstrahlung
fails to predict some quantum mechanical aspects of radiation such as the
existence of the high frequency cutoff of the radiation spectrum, for details see
the next section 2.1.2.
2.1.2 Quantum Mechanical Considerations on the e-n
Bremsstrahlung Process
The classical theory of bremsstrahlung predicts the emission of radiation in
every collision in which the electron undergoes changes in its velocity in mag-
nitude or direction. However, the quantum mechanical point of view of e-n
bremsstrahlung is quit different. Quantum mechanically, most of the collisions
of the incident electrons with the target nucleus are elastic. Therefore, when
the electron is scattered from the nucleus there is only a small but finite prob-
ability that a photon of finite energy will be emitted: according to quantum
electrodynamics each electron is surrounded by a cloud of virtual photons and
it will shake off a photon only under rare conditions as for instance in the
collision with an atomic nucleus. Because the radiation process involve the
coupling of the electron with the electromagnetic field of the emitted photon,
the probability that the scattered electron will radiate is of the order of the fine
structure constant α ≈ 1/137. Therefore the cross section for bremsstrahlung
is of the order of α times the cross section for elastic scattering [18].
It deserves attention that all experimental findings concerning e-n bremsstr-
ahlung are in good agreement with the results of the quantum theory whereas
most features of the bremsstrahlung spectrum cannot be described classically.
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Figure 2.5: Classical spectra for e-n Bremsstrahlung radiation from a point Coulomb
potential for electron energies from 1 eV to 500 keV. Cross sections are obtained by taking
the Fourier transform of the dipole moment of the electron and integrating the radiation over
all possible impact parameters. The resulting spectra tend to an asymptotic value σasymp
and extends to infinity. Figure adapted from Kim and Pratt [36] .
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Bremsstrahlung Cross Section
In this entire section we follow the discussions given in the textbook of Haug
and Nakel [18] and the review article of W. Nakel [15]. For an electron to emit
one photon of energy hν and momentum k and the electron transition from
an initial state ψ1 to a final state ψ2 the matrix element has the form [18]
M1→2 = − e~c√
2²◦hνL3
∫
ψ?2(r)(
−→α .e?)e−ik.rψ1(r)d3r (2.10)
where ²◦ is the permitivity of vacuum and the unit vector e gives the direction
of polarization of the emitted photon which is always perpendicular to the
wave vector k, i.e. e.k = 0.
According to time-dependent perturbation theory the transition rate from
the state |i〉 of a quantum mechanical system to a set of continuous final states
|f〉 is given in the first order by
Wi→f =
2pi
~
|〈i|V |f〉|2ρf (2.11)
where V is the perturbation defining the interaction of the eigenstates |i〉 and
|f〉 of the unperturbed Hamiltonian and ρf is the number of final states per
energy interval dEf . In the final state of the bremsstrahlung process there is
a photon with momentum k and an electron with momentum p and energy
E. In this case the density of the final state ρf is equal to the product of the
density functions ρk and ρp for the photon and electron respectively and can
be written as [18]
ρf =
p(E +mec
2)k2 dΩpdΩkdk
(2pime)6c8
(2.12)
where dΩp and dΩk are the elements of solid angle in the direction of p and k,
respectively.
The cross section of a process is defined as the number of interactions per
unit time per unit flux of the incident particles. DividingWi→f by the incident
electron flux, i.e. the current density in a cube of side L,
J =
v
L3
=
1
L3
p◦c2
E◦ +mec2
(2.13)
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and inserting equations (2.10) and (2.12), we can obtain the differential cross
section for the elementary process of e-n bremsstrahlung given by
d3σe−n
dkdΩkdΩp
=
α
(2pi)4
(
~
mec
)2
p(E◦ +mec2)(E +mec2)k2
m4ec
5p◦(hν)
|M |2 (2.14)
where α = e2/(4pi²◦~c) ≈ 1/137 is the fine-structure constant, and
M =
∫
ψ?2(r)(
−→α .e?)e−ik.rψ1(r)d3r (2.15)
is the matrix element (2.10) without the factor before the integral. Using
k = hν and denoting the total electron energy including rest mass energy by
ε (ε = E +mec
2) lead to the final formula for the differential cross section for
the elementary process of e-n bremsstrahlung given by
d3σe−n
dkdΩkdΩp
=
α
(2pi)4
ε◦εpk
m4ec
5p◦
(
~
mec
)2|M |2 (2.16)
Theoretical predictions of the process of e-n bremsstrahlung require cal-
culations of the probability that the incident electron will make a transition
to a different electronic continuum state with a photon emitted while in the
Coulomb field of the atom whose internal state remains unchanged
electron+ atom→ electron+ photon+ atom(unchanged).
The interaction causing the transition consists of two parts: the interaction
of the electron with the radiation field giving rise to the emission of the photon,
and the interaction of the electron with the screened nuclear Coulomb field.
Whereas the interaction of electrons with the radiation field can be treated
only by perturbation theory, their interaction with the atomic field can, in
principle, be handled exactly. For that, exact solutions of the Dirac wave
equation
{−i−→α .∇+ β − ²− αZ
r
}ψ(r) = 0 (2.17)
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are required. It is, however, not possible to solve the Dirac wave equation in
closed form for a free electron in a screened nuclear field. Therefore either
approximate analytic solutions or numerical methods have to be used to ob-
tain the triply differential cross section for e-n bremsstrahlung. The simplest
method is the Born approximation where one expands the wave function ψ(r)
of an electron scattered in the Coulomb potential of a point charge (Ze) as a
function of the coupling to the external field (αZ)
ψ = ψ◦ + (αZ)ψ1 + (αZ)2ψ2 + ....... (2.18)
where α is the fine structure constant, ψ◦ is the solution of the force free zeroth
order Dirac equation
{−i−→α .∇+ β − ²}ψ◦(r) = 0 (2.19)
with the plane wave solution
ψ◦(r) = eip.ru(p) (2.20)
where u(p) is the free-electron spinor. Higher order terms of equation (2.18)
characterize the distortion by the potential with which the wave interacts. The
basic assumption of the first Born approximation is that if the product (αZ)
is small compared to unity only the first term ψ◦(r) of equation (2.18) needs
to be kept. The physical meaning of this assumption is that the incident and
outgoing waves are only weakly deformed from a plane wave by the nuclear
potential with which the electron interacts. The Born approximation only
gives correct results if the de Broglie wavelength of the electron, ~/mev, is large
compared with the size d of the Coulomb field given by Ze2/(4pi²◦d) ≈ mev2
[18]. Therefore the condition for validity is
αZ
β◦
<< 1 and
αZ
β
<< 1 (2.21)
where β◦ and β are the electron velocities in units of the velocity of light c before
and after being scattered respectively. The calculation of bremsstrahlung with
first Born approximation was first done by Bethe and Heitler [37]; it yields for
the triply differential cross section [15]
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dσe−n =
Z2e4
2piα
dk
k
p
p◦
sin θ sin θ◦dθdθ◦dφ
q4
{ p
2 sin2 θ
(E − p cos θ)2 (4E
2
◦ − q2)
+
p2◦ sin
2 θ◦
(E◦ − p◦ cos θ◦)2 (4E
2 − q2)− 2pp◦ sin θ sin θ◦ cosφ
(E − p cos θ)(E◦ − p◦ cos θ◦)(4EE◦ − q
2)
+
2k2(p2 sin2 θ + P 2◦ sin
2 θ◦ − 2pp◦ sin θ sin θ◦ cosφ)
(E − p cos θ)(E◦ − p◦ cos θ◦) }
(2.22)
where Z is the target-nucleus atomic number, e is the electronic charge, p◦, p
are the momenta of the incident and outgoing electron respectively, E◦, E are
the kinetic energies of the incident and outgoing electron respectively, k is the
momentum of the emitted photon, θ, θ◦ are the angles between k and p,p◦
respectively, φ is the angle between the (pk) plane and the (p◦k) plane (fig-
ure 2.6), and q = p◦ — p — k represents the total momentum transferred
to the target nucleus. This is the famous Bethe—Heitler formula. It is av-
eraged over the spins of the incident electron and summed over the spins of
the outgoing electron and the polarization directions of the photon. One of
the noticeable consequences of the Bethe—Heitler formula is the prediction
of a gradual decrease in photon yields as a function of the photon energy
(figure 2.7). The formula fails to predict a non-zero doubly differential cross
sections at the tip of the photon spectrum (see section 2.1.2). This is a con-
sequence of the fact that high energy photons arise from collisions where the
final electron velocity is close to zero. Here, the condition of validity of the
first Born approximation (αZ/β << 1) is not satisfied.
As an example of electron and photon coincident angular distributions, the
quantum mechanical angular distribution of e-n bremsstrahlung was predicted
theoretically in the calculations of Elwert and Haug [38] for 300 keV electrons
incident on aluminum (Z = 13) target and outgoing electron energy of 100
keV. The resulting angular distributions are presented in figure (2.8). The left
part represents the photon angular distributions for fixed electron scattering
angles (0◦, 8◦, 15◦, 30◦) and shows clearly the increase of asymmetry in the
photon angular distribution and the vanishing of the minimum between the two
lobes with increasing electron scattering angle. The right part represents the
electron angular distributions for fixed photon emission angles (0◦, 4◦, 8◦, 16◦)
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Figure 2.6: Geometric relative location of different momenta and angles used in the Bethe-
Heitler formula.
Figure 2.7: Relative differential cross section for classical e-n bremsstrahlung as function
of the emitted photon energy Eγ in units of the energy of the incident electron E1 calculated
using the Bethe-Heitler formula. The classical spectrum emphasizes the very low photon
energies and decreases gradually to zero at the end point of the spectrum. Figure adapted
from Jackson [33].
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Figure 2.8: Theoretical photon angular distributions (left side) for various electron scat-
tering angles (0◦, 8◦, 15◦, 30◦) and the corresponding electron angular distributions (right
side) for various photon emission angles (0◦, 4◦, 8◦, 16◦) resulting from 300 keV electrons
incident on aluminum (Z = 13) targets and outgoing electron energy of 100 keV. Figure
adapted from [38].
and shows the same behavior as that for photons.
Short Wavelength Limit (SWL) of e-n Bremsstrahlung
Quantum mechanical treatment of e-n bremsstrahlung shows also that the
radiation process has a finite cross section at the short-wavelength limit which
appear as a sharp cut-off at the high frequency limit of the radiation spectrum
(figure 2.9) which can not be described classically. This behavior has been
observed in the experimentally measured x-ray spectra in many works in the
last three decades [39, 40, 41].
In an e-n bremsstrahlung event, energy conservation
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Figure 2.9: The photon frequency spectrum showing that the spectrum cuts off sharply
at the maximum photon energy, hνmax [18].
E◦ = E + hν (2.23)
implies that the maximum energy of any one of the emitted photons cannot
be greater than the kinetic energy E◦ of the incident electron (hν ≤ E◦):
hνmax =
hc
λswl
= E◦ (2.24)
where h is Planck’s constant, c is the speed of light, and λswl is the shortest
wavelength of the emitted photon. The photon of highest energy will be emit-
ted when an incident electron loses its entire kinetic energy in one deceleration
process to a photon of electromagnetic radiation and ends up with virtually
zero momentum [38]. This shows that the very existence of a high frequency
limit is a quantum phenomenon. In the rest frame of the nucleus, the photon
will possess the energy of the incident electron (γ − 1)mc2 but will appear in
the rest frame of the electron with maximum energy given by
Eswl =
(γ − 1)mc2
γ(1− β cos θlab) (2.25)
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which, in the present case, for 90 MeV/u U88+ + N2 at 90
◦ equals to 45.02
keV.
The condition of validity of the first Born approximation (equation 2.21) is
satisfied for low atomic number elements if the electron energies are relativistic
(β◦ and β ≈ 1) since the fine structure constant α ≈ 1/137 is a small quantity.
But even for initially energetic electrons the second constraint is violated near
the short wavelength limit where the electron final velocity β << 1. In this
case, the distortion of the electron wave function by the nuclear Coulomb field
(higer order terms of equation 2.18) should be taken into account and the
cross section does not vanish for p → 0. It is now easy to understand why
the Bethe-Heitler cross section tends to zero in the limit p→ 0. According to
equations (2.18) and (2.20) the final electron in the first Born approximation
is described by a plane wave for which the matrix element M remains finite
as p → 0. The cross section is proportional to p|M |2 (see equation 2.16) so
that the cross section vanishes with p. By contrast, when a coulomb correction
(distortion of the electron wave function) is included, the exact point-Coulomb
wave functions (equations 3.314 and 3.315 of Haug and Nakel [18]) do not
remain finite in the limit p → 0 but diverges as p−1/2 thus leading to a finite
cross section at the short wavelength limit. The divergence of the exact wave
function for small values of p is a consequence of the long-range nature of the
point-Coulomb potential. If the potential is cut off at some distance the wave
function will be finite as p→ 0.
Physically, the finite bremsstrahlung cross section at the tip of the spec-
trum is related with the fact that the photon energy hν = E◦ is a limit only
for the free-free transitions. If the electron is captured into a bound state it
can emit a photon of energy hν > E◦. Highly excited bound (Rydberg) states
are similar to free states at low kinetic energies. Hence there is a relationship
between the high-frequency endpoint region of bremsstrahlung and recombina-
tion radiation [42]: The matrix element for radiative recombination, involving
a final negative binding energy state may be analytically continued to the cor-
responding bremsstrahlung matrix element involving a positive kinetic energy
final state. The short wavelength limit has been at the focus of theoretical
attention because of this deep relation with the radiative recombination, i.e.
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the time-reversed photoionization process (details in section 2.1.3). Moreover,
it is well established that hard-photon bremsstrahlung is closely related to the
radiative electron capture to continuum (details in section 2.3).
The calculated bremsstrahlung cross section at the short wavelength limit
is reported [18, 38] to be proportional to the third power of the atomic number
Z (dσ ∝ Z3). Hence, the relative strength of the high energy end of the
bremsstrahlung spectrum increases for targets of high atomic number. It is
also interesting to note that the cross section for e-n bremsstrahlung at the
short wavelength limit depends on the direction of the outgoing electron [43].
This means that although the outgoing electrons have virtually zero velocity,
their angular distribution is still correlated to the direction of emission of
photons (figure 2.10).
Measurements of the differential cross section for e-n bremsstrahlung at the
upper end of the x-ray frequency spectrum have never been accomplished in
the standard experimental techniques which requires a coincidence between
a photon and an outgoing electron which in turn means the detection of an
electron that lost its entire energy and does not leave the target. in most
Bremsstrahlung experiments, solid targets are used or electrons are detected
using solid state detectors which restricts the outgoing electron energy to a
minimum value in the range of 100 keV. As a result, these experiments are by
design not able to test the short wavelength limit or the relationship between
the bremsstrahlung theory and the relativistic theory of photoionization.
2.1.3 Bremsstrahlung and Photoeffect
As has been discussed, in contrast to the Born approximation prediction of the
Bethe-Heitler formula, the bremsstrahlung remains finite in the high frequency
limit, when the photon energy achieves its maximum value. Fano et al [44]
and McVoy et al [45] have reported that, in this limit bremsstrahlung is an
approximate inverse of the atomic photoelectric effect in which a bound atomic
electron is ionized by the absorbtion of a photon. The relationship of the high
frequency limit of bremsstrahlung and photoeffect is apparent in a comparison
of matrix elements. The matrix element for the case in which an electron in
a free state ψ1 radiate a photon of momentum k and polarization e, thereby
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Figure 2.10: Calculated angular distribution of decelerated outgoing electrons for fixed
photon directions (0◦ and 8◦) at the short-wavelength limit. Incident electron energy 300
keV and atomic number Z = 13. Figure adapted from [43]
going into a final continuum state ψ2 can be written as [38, 46]
Mbrems =
∫
ψ?2(
−→α .e?)e−ik.rψ1d3r (2.26)
where −→α is the Dirac operator and r is the electron coordinate. The matrix
element for the case in which an electron in a bound state ψ1 absorbs a photon
of momentum k and polarization e , thereby going into a final free state ψ2
can be written as [46]
Mphoto =
∫
ψ?2(
−→α .e)eik.rψ1d3r (2.27)
and its complex conjugate is
M?photo =
∫
ψ?1(
−→α .e?)e−ik.rψ2d3r (2.28)
The difference between the matrix elements for the short wavelength of e-n
bremsstrahlung in 2.26 and that for the photoeffect in 2.28 is the replacement
of a continuum wave function by a bound-state wave function. Pratt [46] and
Fano [44] have noted when a wave function of a bound atomic electron with
quantum numbers n, l, j, goes over at the limit n→ ∞ into a continuum-
electron wave function with the same quantum numbers l and j, this limit is
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approached rapidly by the values of the wave function near the nucleus (for
small r), which alone are relevant, at relativistic energies, to the photoeffect or
to the emission of bremsstrahlung at the high frequency limit. The screening
action of atomic electrons differs in the photoeffect and bremsstrahlung pro-
cesses, but this difference should be very small near the nucleus. Of course,
the similarity between bound and continuum wave functions implies a similar-
ity between the matrix elements for inverse photoeffect and the high frequency
limit of e-n bremsstrahlung if the major contribution to the integrals over wave
functions which determines the matrix elements comes from the region where
the wave functions agree in lowest order matrix elements.
However, a measurement of the short wavelength limit of e-n bremsstrahlung
is crucial to support the theoretical claim of the presence of such a correspon-
dence. Any difference in the experimental total differential cross sections of
the short wavelength limit of e-n bremsstrahlung and photoionization would
hint at deficiency of the underlying theoretical description. If this equivalence
between the short wavelength limit of e-n bremsstrahlung and the photoion-
ization is experimentally proved to exist, It has a practical consequence that
theoretical predictions for the cross section of the high frequency limit of e-n
bremsstrahlung follow from the theoretical work on the photoionization. This
provides a mean of investigating theoretically the bremsstrahlung process at
the spectrum limit, where the usual Born approximation breaks down com-
pletely [44, 47].
2.1.4 Bremsstrahlung in Ion Atom Collisions
Besides characteristic target and projectile x-ray lines, x-ray spectra generated
in ion atom collisions [39, 40, 41] contain a large low-energy continuum. In
early experiments using light projectiles [48, 49] this continuum was thought
to be due to γ-ray production in nuclear reactions [50]. When experiments
were extended to the use of relativistic heavy ions, it became obvious that
the continuum x-ray production cross sections were too large (as large as 100
barn/KeV at some x-ray energies) to be due to nuclear reactions. A nuclear
reaction requires a close projectile target-nucleus encounter whose geometric
cross section rarely exceeds a few barns, even for heaviest projectiles. There-
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fore, nuclear reactions cannot produce γ-rays with such large cross section and
the continuum must be due to atomic physics phenomena. However, this con-
tinuum was found [39, 40, 51] to be well explained in terms of bremsstrahlung
radiation. Here, the predominant source of bremsstrahlung accompanying ion
atom collisions is mainly the quasifree inelastic scattering of an initially bound
target electron in the field of the projectile nucleus. For not too heavy targets,
the Impulse approximation [52] can be adapted. The impulse approximation
consists of three basic assumptions. In the case of a single particle incident
upon a complex target system consisting of two or more particles bound to-
gether they are [53, 54]: (1) The range of interaction is small compared with
the inter-particle distances, so that the incident particle interacts with only
one particle of the target system during the collision. (2) The target system
can be regarded as transparent, so that the amplitude of the incident particle
is not appreciably diminished in crossing the target system. This is to say that
the near particles of the target system do not cast shadows on the far ones.
(3) The interaction occurs over such a short time that the effect of the binding
forces during the collision may be neglected, if the velocity of the projectile is
large enough in comparison with the velocity of the orbital electron, the bound
electron can be considered free and at rest [40]. We thus think of the scattering
as taking place from only one quasifree electron of the target system. The only
part played by the initial state of the target system is to give a momentum
distribution to the electrons of the target system. Radiation emitted in this
collision process is called the quasifree-electron bremsstrahlung (QFEB). The
production cross section of the QFEB based on the first born approximation
is expressed by [55]
dσ
QFEB
dEγdΩ
=
Nt
pi
Z2p(
e2
~c
)5a2◦
mec
2
E◦Eγ
×[sin2 θ + 1
4
(1 + p2)(3 cos2 θ − 1) ln(1 + p
1− p)−
1
2
p(3 cos2 θ − 1)]
(2.29)
where p2 = 1−Eγ/E◦, Nt is the number of electrons of the target atom, Zp is
the atomic number of the projectile, a◦ is the Bohr radius, me is the electron
mass, e is the electron charge, c is the speed of light, ~ is the reduced Planck
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constant , E◦ is the energy of an electron moving with the projectile velocity,
Eγ is the energy of the emitted photon, and θ is the angle between the direction
of the projectile and the photon.
It is to be noted that, for a fixed projectile velocity the cross section for
production of a bremsstrahlung photon increases as Z2p . Apart from the scal-
ing factor Z2p , the shape of the bremsstrahlung spectrum is independent of the
choice of the projectile. A formula of QFEB for the case where the velocity of
the orbital target electron is not negligible in comparison with the projectile
velocity (the velocity distribution of the orbital target electrons is taken into
account) has been given by Jakubaßa and Kleber [51] on the basis of the first
Born approximation. The QFEB spectra were calculated [40] for the two cases
for 20 MeV protons incident on Be and Al targets where it was apparent that
the two calculations yield similar results for the Be target but rather different
results for the Al target. This fact reveals that QFEB spectrum becomes in-
creasingly dependent on the velocity distribution of the orbital target electrons
as the target atomic number increases. It was also noted that the intensity
decline near the short wavelength limit becomes less steep for higher target
atomic numbers.
Since the QFEB is produced in the rest frame of the projectile, a Doppler
shift in the emitted photon energy is expected; the observed photon energy
Elab is related to the projectile-frame energy Eemitter by [56]:
Elab =
Eemitter
γ(1− β cos θlab) (2.30)
where θlab denotes the laboratory observation angle (90
◦in this work), β is the
speed in units of the speed of light and γ is the relativistic Lorentz factor
1√
1−β2
. This Doppler shift becomes larger for high-energy projectiles; with 90
MeV/u U88+ + N2, the photon energy decreased by 9% at 90
◦ (see chapter 4)
Within the impulse approximation assumptions, the differential cross sec-
tion for bremsstrahlung accompanying ion atom collisions (d
2σion−atom
dElabdΩlab
) can be
given by the differential cross section of e-n bremsstrahlung ( d
2σe−n
dEprojdΩproj
) caused
by a quasifree target electron moving with the projectile speed multiplied by
the number of available target electrons [41], Lorentz transformed into the
laboratory frame [48]
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d2σion−atom
dElabdΩlab
= Nt
d2σe−n
dEprojdΩproj
dEproj
dElab
dΩproj
dΩlab
(2.31)
where
dEproj
dElab
=
1− β cos θlab√
1− β2 (2.32)
and
dΩproj
dΩlab
=
1− β2
(1− β cos θlab)2 (2.33)
which gives
d2σion−atom
dElabdΩlab
= Nt
d2σe−n
dEprojdΩproj
√
1− β2
1− β cos θlab (2.34)
here, the bremsstrahlung cross section can be given by the Bethe-Heitler for-
mula (Equation 2.22) or alternatively can be taken from tables of electron
bremsstrahlung cross sections given by Kissel et al [57]. Equations (2.25) and
(2.34) assume that the target electrons are free and have no intrinsic mo-
mentum, and therefore give a sharp cutoff x-ray energy equal to the electron
kinetic energy. Disregarding the motion of the atomic electrons can be justified
if the target atoms have low atomic numbers Zt where the electron binding
energy is small compared with the kinetic energy of the incoming electrons.
When one adds the Compton profile of the target electrons to the translational
momentum, larger electron kinetic energies and end point energies are obtain-
able and the shape of the bremsstrahlung spectrum near its cutoff reflects the
momentum distribution of the target electrons.
In the last two decades, the double differential cross section (d2σ/dEdΩ) for
e-n bremsstrahlung accompanying ion–atom collisions has been investigated
for intermediate projectile energies [40, 51, 58, 59, 60, 61]. In this energy
domain the adaptation of the relativistic Born approximation (section 2.1.1)
together with the impulse approximation generally gives reasonable agreement
with the experimental data. The major advantage of ion–atom collisions for
the study of bremsstrahlung is that the charge state of the projectile can be
easily and selectively varied. In particular, high-Z projectiles are of interest,
as they exclusively probe the coupling between the continuum states and the
radiation field in the presence of strong external potentials [41].
In ion-atom collisions using thick solid targets, bremsstrahlung is also ex-
pected to be generated in a two step process called secondary electron bremsstrahlung
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(SEB). In the first step target atoms are ionized via coulomb excitation. The
free electrons produced in this step radiate in the field of another target nu-
cleus. The maximum energy which can be transfered from a projectile with
velocity v to a free electron with mass m is 2mv2 (see section 2.4). Sohval et al
[62] have estimated that for intermediate energy ion–atom collisions the cross
section for SEB becomes comparable with the primary bremsstrahlung or the
radiative electron capture (REC) cross sections for target densities above 1018
particles/cm2 and expected to become much smaller for lower target densities.
In our case using a gaseous N2 target with density 10
12 particles/cm2, the
SEB contribution to the observed bremsstrahlung spectrum can be expected
to be negligible taking into account the fact that high-energy (∼50–200 keV )
secondary electrons produced in such relativistic collisions can pass without
much scattering through the N2 target.
2.2 Electron Transfer to Continuum (Cusp Elec-
trons)
In 1970 Crooks and Rudd [63] have measured the energy spectrum of elec-
trons ejected in the forward direction from helium bombarded by protons. In
the resulting spectra they found a cusp shaped peak in the doubly differential
cross section ( d
2σ
dEdΩ
) for electron emission close to the direction of the outgo-
ing projectile. The electron cusp appears when the electron velocity vector
in the laboratory frame approximately equals the projectile velocity in both
magnitude and direction. This behavior was also predicted in the associated
theoretical works of Salin[64] and Macek[9]. In the same year Harrison and
Lucas [65] observed a similar cusp in the electron distribution ejected by light
ions traversing carbon foil targets. In both cases the electron cusp was in-
terpreted as an effect of charge exchange into low-laying continuum states
centered around the moving projectile. These electrons are considered to be
free electrons (in contrast to the bound electrons of proper charge exchange)
with very small velocities as seen in the rest frame of the projectile. After these
first experiments, the forward electron cusp was detected for various projectiles
traversing thin solid and occasionally gaseous targets at projectile energies up
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to 1.2 MeV/u [66, 67, 68, 69]. Rudd and Macek [2] had already emphasized
the close connection between excitation to or capture into a band of high Ry-
dberg states and similar contiuum bands above the ionization limit. As they
point out, ejection of slow secondary electrons is a natural continuation of ex-
citation to states of high principal quantum numbers, and that the electron
capture process should continue beyond the ionization limit of the atom in a
smooth, continuous, and uninterrupted way. Since that time the process of
electron transfer to continuum has been investigated with increasing interest,
both experimentally and theoretically. This field has been reviewed [4, 70, 71]
covering all experimental developments.
The quantity of experimental interest is the differential cross section ( d
2σ
dvedΩ
)
for the electron to emerge into a narrow forward cone of specific semiangle
with a speed ve close to the speed of the projectile vproj.
For ion-atom collisions under single-collision conditions two different mecha-
nisms for the production of cusp electrons have been isolated [8]: electron loss
to the projectile continuum (projectile ionization) abbreviated as ELC, and
electron capture to the projectile continuum (target ionization) abbreviated as
(ECC).
2.2.1 Electron Loss to Continuum (ELC)
Electron loss to continuum (ELC) can appear in ion atom collisions when the
incident ions carry electrons into the collision (partially ionized projectiles).
These projectiles may become ionized by the excitation of one or more electrons
from an initial bound state of the projectile ion into a low lying continuum
state of the projectile itself due to an interaction with either the target nucleus
or a target electron (figure 2.11). Mostly projectile electrons having orbital
velocities less than the velocity of the projectile are ionized, i.e. the ELC
cross section is large when the projectile velocity is larger than the orbital
velocity of the electron with the lowest binding energy. The resulting ELC
electrons, ejected in the moving frame of reference, cause a cusp-shaped peak
in the velocity spectrum and exhibit also a preferred longitudinal emission
parallel to the beam axis [72, 73]. ELC cusps have been observed in different
measurements concerning electron transfer to continuum [2, 74, 75] where it has
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been emphasized that the velocity distribution of electrons from the projectile
is centered around ve ' vp (vp and ve are the projectile and emitted-electron
laboratory velocities respectively) for all ion angles.
Theoretical discussions [76, 77, 78] of the ELC lead to a cross section which
diverges when ve ' vp and can be written as
dσ
ELC
dv′
= F (ve, vp, ϕ)f(|ve − vp|) (2.35)
where v′ = ve−vp, ϕ is the electron emission angle in the projectile rest frame,
F (ve, vp, ϕ) is finite near ve ' vp and describes the yield of the ELC process as
a function of vp, ve and ϕ, and f(|ve−vp|) describes the divergent factor of the
differential ELC cross section in terms of the absolute value of the projectile
electron velocity difference. Essentially, all theories [79, 80, 81] agree that to
a first approximation
f(|ve − vp|) ∝ 1|ve − vp| (2.36)
which is symmetric about ve = vp and results from the Coulomb interaction
between the outgoing projectile and the ejected electron. Thus the observed
shape of the ELC cusp must be associated with the function F (ve, vp, ϕ). An
expansion of F (ve, vp, ϕ) in terms of a projectile-frame partial-wave expansion
and the inclusion of only the leading terms (first Born approximation) serve
to put F (ve, vp, ϕ) in the form [76, 78, 73]
F (ve, vp, ϕ) = a◦ + a2P2(cosϕ)
=A[1 + ηP2(cosϕ)]
=A[1− η
2
+
3η
2
cos2 ϕ]
(2.37)
where P2(x) =
1
2
(3x2 − 1) is the legendre polynomial, A is a magnitude and η
is anisotropy parameter ranging between −1 ≤ η ≤ 2. This leads to the final
generally accepted form of the ELC differential cross section given by
dσ
ELC
dv′
=
A
|ve − vp| [1−
η
2
+
3η
2
cos2 ϕ] (2.38)
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Figure 2.11: Schematic representation of the ELC process.
The character of the ELC distribution changes dramatically with ejection
angle. In the forward direction (around 0◦ with respect to the incident beam
direction) the distribution assumes a cusp-shaped form around ve ' vp while
at higher angles (greater than ∼ 25◦) the distribution is still centered around
ve ' vp but reflects the momentum distribution of the projectile bound state
occupied by the electrons before the collision. Burch el al [75] have shown
that the distribution can be well represented by that of free electrons (with an
initial momentum distribution of the projectile bound state) having scattered
elastically from the target atom.
The ELC event is a single step ionization process in which the target atom
plays the role of an ionizing projectile in the rest frame of the projectile, and a
weak collisional interaction is sufficient to emit electrons into low-lying projec-
tile continuum states. Burgdo¨rfer [8] has pointed out that a soft collision with
a small momentum transfer q of the order q ≥ qmin ∼= ²i/vp (where ²i denotes
the binding energy of the projectile electron to be ionized, vproj is the projectile
velocity) is enough to promote an electron from a projectile bound state to a
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state at the continuum threshold. The reported cross sections for ELC exhibit
q−4 dependance [6, 8, 2] which means that electrons are predominantly pop-
ulate states at the continuum threshold which leads to the nearly symmetric
peak. Because of the small momentum transfer required for an ELC event,
a first-Born perturbation treatment was considered suitable by Day [79] and
Briggs and Day [82] to describe details of the resulting electron distribution.
generally, the Born approximation for excitation is believed to be valid in the
limit of large projectile velocities [83].
As mentioned previously, the ELC event is a result of the Coulomb inter-
action between the active projectile electron with the target nucleus (e-N ) or
with one of the target electrons (e-e). The two different mechanisms can be
distinguished according to their different kinematics. If (e-N ) interaction leads
to the ELC event, the target nucleus plays the active role, whereas the target
electrons stay at rest and act as spectators. In this case, the momentum trans-
ferred to the target nucleus is expected to be bigger than the one transferred
to any target electron. If (e-e) interaction leads to the ELC event, a target
electron plays the active role, whereas the target nucleus acts as a spectator.
Here, the momentum transferred to the active target electron is expected to
be bigger than the one transferred to the target nucleus.
The (e-e) interaction channel leads mainly to ionization of both collision
partners, i.e. in the case of ELC caused by (e-e) interaction, simultaneous
excitation or ionization of the target electron (a doubly inelastic process) is
expected to take place. In the case of pure ELC (the target is not ionized),
electron loss is due essentially to the screened target nucleus (e-N interaction)
with the target electrons remaining in their ground states [84].
While the (e-N ) interaction can occur at all projectile velocities, the (e-e)
interaction has a threshold (for He+ projectile on He, this threshold is near 0.4
MeV, equivalent to an electron energy of 54 eV, the projectile binding energy
[84]) due to the fact that the target electron (as seen from the projectile frame)
must have sufficient energy that it can ionize the projectile and simultaneously
escape from the target [85]. Therefore, projectile ionization process in which
there is simultaneous excitation and ionization of the target, become dominant
at high projectile velocities [86]. To achieve simultaneous target and projectile
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ionization only one Coulomb interaction is necessary for the (e-e) process. In
the case of (e-N ) process two Coulomb interactions (projectile nucleus with one
of the target electrons and target nucleus with the active projectile electron) are
needed [85].
Furthermore, the cross section for the (e-N ) interaction can be expected
to dominate the cross section for projectile ionization at impact parameters
around the shell radius of the projectile while the (e-e) interaction is expected
to dominate at larger impact parameters since the nuclear potential of the
target (that might cause ionization of the projectile in an (e-N ) interaction)
is effectively screened by the target electrons [85, 87].
The shape of the ELC cusp (characterized by the FWHM and the forward-
backward asymmetry with respect to the cusp peak) was investigated theoreti-
cally [79, 80, 81]. In the longitudinal electron spectrum, an almost symmetric
cusp shape is predicted with FWHM that increases linearly with the projectile
velocity. For a fixed spectrometer acceptance half angle ϑ◦, the FWHM of the
cusp when it is parallel to the direction of the bombarding ion beam is given
by [80, 81]
(∆ve)|| =
3
2
vpϑ◦ (2.39)
which is similar to the analytic expression derived by Dettmann et al [66]
describing the cusp shape of ECC velocity distribution. For highly charged
projectiles having relatively loosely bound L-shell electrons, Burgdo¨rfer [88] has
calculated an almost symmetric cusp with a narrow width nearly independent
of the projectile velocity, projectile charge state, or the target (figure 2.12).
However, measurements [4, 89] of the ELC cusp shape revealed that the ELC
cusp is nearly symmetric as predicted by the theory but with FWHM that is
nearly constant independent of the projectile velocity and weakly dependent
on projectile charge state (mostly from broadening due to autoionization lines
in the wings of the cusp).
Generally, ELC bears a rather special relationship to the ionization process
because of its ability to examine those electrons having only very small energies
relative to the projectiles from which they were ejected.
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Figure 2.12: Cusp width as a function of a) the projectile charge Zp for 2p1 and average 2p
states b) the projectile velocity vp for different Zp and targets: hydrogen (full line); helium
(dashed line); and argon (dash-dot line) adapted from [88].
2.2.2 Electron Capture to Continuum
When a projectile collides with a target atom, emitted electrons can originate
from the ionization of the target as well. However, an electron ionized from
a bound state of the target may be subjected to a post-collision long-range
Coulomb interaction with the moving projectile capturing it into a low-lying
projectile centered continuum state. This process of capturing a bound target
electron to the projectile continuum can follow either a non-radiative (abbre-
viated ECC) or a radiative (abbreviated RECC) process accompanied with
simultaneous emission of a photon (figure 2.13).
In the ECC and RECC processes initial and final states are identical except
for the presence of a photon appearing with the RECC. The relative contri-
bution of the ECC and RECC to the entire capture cross section depends
strongly on the collision velocity. Dettmann et al [66] developed an expression
for the ECC singly differential cross section. They obtained the result
dσ
ECC
dve
∼ 2
17
5
Z3pZ
5
t (
e2
~vp
)10(
1
v2p
)×[
√
(ve − vp)2 + (vpϑ◦)2−|ve−vp|](pia2◦) (2.40)
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Figure 2.13: Schematic representation of the (a) ECC (b) RECC processes.
where Zp and Zt are the projectile and target atomic numbers respectively, vp
and ve are the projectile and emitted-electron laboratory velocities respectively,
e is the electronic charge, ~ is the reduced Planck constant, a◦ is the Bohr
radius, and ϑ◦ is the spectrometer acceptance angle. The differential cross
section for the RECC was obtained by Shakeshaft and Spruch [14] as
dσ
RECC
dve
∼ 2
6
3
Z2pZt(
e2
~vp
)3(
1
v2p
)× [
√
(ve − vp)2 + (vpϑ◦)2−|ve−vp|](pia2◦) (2.41)
A fourfold differential cross section ( d
4σ
dEedΩedEγdΩγ
) based on a relativistic
formulation of the impulse approximation for the RECC by very fast and very
heavy projectiles is calculated by Jakubaßa-Amundsen [7] (the expression is
too lengthy to be mentioned here). Note that the velocity dependence of the
ECC (dσ
ECC
∝ v−12p ) and the RECC (dσRECC ∝ v−5p ) processes implies that
both branches of the capture cross section decrease with collision velocity and
that the non-radiative capture (ECC) is the dominant mechanism at moderate
collision energies while the additional photon emission becomes important at
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Figure 2.14: Schematic diagram of the double scattering mechanism used to describe the
ECC process.
sufficiently high energies (>13 MeV/u for protons, ≈ 50 to 100 MeV/u for
uranium).
For the ECC process to take place the target electron must acquire a velocity
very close to the velocity of the projectile. This needs a violent collision with a
large minimum momentum transfer to a target electron of the order qmin ∼= vp
so that it finally ends up in a low-lying continuum state around the projectile
[8]. This can be viewed as a double scattering mechanism which requires (from
conservation of energy and momentum) that, in the laboratory frame, the
target electron first be knocked by the projectile towards the target nucleus at
large angles (with respect to the direction of the projectile motion) with a speed
very close to the projectile speed. The target electron then scatters from the
target nucleus itself without change of speed, and emerges with a velocity very
close to the projectile velocity (figure 2.14). The mutual attraction between the
scattered target electron and the projectile nucleus then serves to bind them.
This double scattering mechanism (first suggested by Thomas [90] in the case
of protons and hydrogen targets) is a two-step process which should therefore
correspond to a second Born term in the quantum mechanical treatment of
the ECC process [14, 91].
Rudd [2] and Macek [9] have given theoretical explanation of the ECC cusp
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and pointed out that ECC can be visualized as a smooth continuation across
the ionization limit of capture into excited bound states with increasingly larger
orbits such that the captured electron finally becomes unbound and that the
population of low-lying continuum states and high-lying Rydberg states should
be strongly related to one another [10].
The most remarkable feature in the ECC cusp is the strong asymmetry in
the sense of an enhancement of the emission of lower energy electrons (fig-
ure 2.15). This has been observed with heavy [4, 92] and light [71, 93, 78]
projectiles and has been discussed in details by Meckbach et al [94]. This
skewness of the ECC cusp towards lower laboratory energies is intrinsic to
the process and may be attributed to the Coulomb interaction of the emitted
electron by the residual parent ion during the collision especially in the case of
low Z projectiles [94]. Burgdo¨rfer [10] emphasized that a measurement of the
asymmetry of the double differential cross section for the ECC cusp allows the
determination of the charge asymmetry of the electron clouds and may reveal
information on the shape of Rydberg orbits and thus provides unprecedented
details of the dynamics of the transfer mechanism.
From the theoretical point of view, the skewness of the ECC cusp towards
lower laboratory velocities has been traditionally interpreted as a clear sig-
nature of the presence of a strong second-Born contribution in the electron
capture amplitude since the first-Born approximation to charge transfer gives
an isotropic electron distribution in the limit v → 0 [5, 6, 7]. As an exam-
ple, figure (2.15) is adapted from the calculations of Shakeshaft and Spruch
[5] and represents a comparison between the contribution to the differential
cross section from the first-order Born term (the blue symmetric curve) and
the contribution from the sum of the first- and the second-order Born term
(the red negative skewed curve).
The shape of the radiative capture to continuum RECC cusp distribution
has never been subject of investigation until Jakubaßa-Amundsen work [7] even
though the active mechanism is distinct from the non-radiative ECC. She has
predicted an asymmetry in the RECC cusp skewed to the high energy side
and thus opposite to that found for the non-radiative ECC. For weakly rela-
tivistic systems, this RECC asymmetry scales approximately with Zproj/γvproj
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Figure 2.15: Singly differential cross section for continuum electron capture from the 1s
state of a hydrogen atom by a bare ion of atomic number ZB=6 incident with an energy 2
MeV/u in the lab frame. The blue curve is the contribution to the differential cross section
from the first-order Born term, while the red curve is the contribution from the sum of the
first- and the second-order Born term. Figure adapted from Shakeshaft and Spruch [5].
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Figure 2.16: Opposite asymmetries in the doubly differential cross section for ECC (blue)
and RECC (red) for forward electron emission in 20 MeV/u Kr36+ + H collisions as a
function of kinetic electron energy. Figure adapted from Jakubaßa-Amundsen [7].
(increasing strongly with projectile charge Zproj but decreasing with projectile
velocity vproj) and is considerably stronger than that for ECC. Figure (2.16)
is adapted from Jakubaßa-Amundsen work [7] and represents the calculated
opposite forward-backward asymmetries in the doubly differential cross section
( d
2σ
dEdΩ
) for ECC and RECC precesses for the 20 MeV/u Kr36+ + H collision.
A physical interpretation of the forward-backward opposite asymmetries of
ECC and RECC was given by Jakubaßa-Amundsen [7]. In the ECC process
the cusp electrons originate from high momentum components of the target
pz > vproj/2 (pz is the longitudinal momentum), which scatter quasielastically
from the projectile. Elastic scattering favours forward angles, such that the
electrons are predominantly emitted antiparallel to the beam direction (left
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Figure 2.17: Schematic view of electron scattering from the projectile during the ECC
process (left) and the RECC process (right). Figure adapted from Jakubaßa-Amundsen [7].
panel of figure 2.17) which leads to higher electron intensity at the lower energy
side of the cusp. On the other hand, RECC is accompanied by the emission of
photons so that the target bound state wave function does not need to contain
high momentum components for providing overlap with the projectile wave
function. This means RECC is caused by electrons approximately at rest in
the target frame (but having kinetic energy (γ− 1)mc2 in the projectile frame)
which are decelerated to low energy ² while the excess energy is carried away
by the emitted photon. These electrons bounce back from the projectile and
are therefore mostly emitted in the beam direction (right panel of figure 2.17)
which leads to higher electron intensity at the higher energy side of the cusp.
Additionally, Jakubaßa-Amundsen has pointed out that a comparison between
the non-radiative ECC cusp shape with the RECC cusp shape provides a
sensitive test of the influence of the additional photon degree of freedom on
the dynamics of the target ionization.
Simultaneous Bound- and Continuum-State Electron Capture
A process of particular interest is the situation when two target electrons are
captured by the projectile, one into a bound state and the other into the
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continuum of the projectile (figure 2.18).
P q+ + T → P (q−1)+ + (T 2+ + e−) (2.42)
Experimentally, when coincidence with emergent ion charge state is performed,
ECC can be sorted as to whether additional bound state electron capture oc-
curred during the same collision which generated the continuum electrons.
Another channel that can give rise to the same final state is the correlated
electron-electron capture in which two electrons are captured to highly excited
states (autoionizing states) as
P q+ + T → P (q−2)+ + T 2+∗
with subsequent autoionization via electron emission to
P (q−1)+ + T 2+∗ + e−
leaving the projectile in a final charge state (q−1). When the impact parameter
dependence for cusp electron production is studied [95] in coincidence with
the emergent ion charge state at low collision velocities (0.53 MeV/u F 8+ +
Ne), this correlated electron-electron capture process was observed to have the
largest magnitude in probability, while the probability for processes leading to
cusp electron emission when the projectile did not simultaneously capture an
electron to bound states, which is the true pure one-electron capture to a
continuum state of the projectile ECC, is very low. Moreover, the results
of Breinig et al [4] and Vane el al [96] demonstrated directly that often one
or more closely associated additional bound state captures occur whenever
a continuum capture event is observed. They also pointed out that the cusp
shapes observed are relatively independent of whether or not additional capture
events occurred.
2.3 Inverse Kinematics
In RECC, a target electron approximately at rest in the target frame is cap-
tured into a low-lying continuum state of a fast highly charged projectile with
simultaneous photon emission. The emitted photon will carry away the excess
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Figure 2.18: Schematic representation of the two electron ECC process.
energy of the electron allowing for high capture to continuum cross sections
even when the relative velocity between the target and the projectile is high [7].
The target electron after being captured will find itself with very low positive
kinetic energy in the projectile continuum but will appear in the laboratory
frame having kinetic energy of (γ − 1)mc2 due to the translational motion of
the projectile and can easily be detected in the electron cusp under 0◦ with a
velocity equal to the velocity of the projectile.
It is interesting to think about this RECC process from a different point
of view. Instead of using the laboratory frame where the electron is at rest
we view the process as taking place in the rest frame of the projectile. In
this case, an observer sitting on the projectile will see the quasifree target
electron coming with a high kinetic energy (γ − 1)mc2 and collides with the
stationary projectile ion and emits nearly the entire of its kinetic energy as
an x-ray photon which then appears in the observed x-ray continuum as short
wavelength limit bremsstrahlung while the incoming electron ends up with
virtually zero velocity. This inverse picture of the RECC looks exactly like the
e-n Bremsstrahlung process at the short wavelength limit. This means that
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RECC is closely related to the bremsstrahlung emission of a fast electron in the
field of the heavy projectile. In fact, within the impulse approximation (IA)
the cross section for RECC is basically obtained by folding the cross section
for e-n bremsstrahlung with the momentum distribution of the electron in its
initial state [7].
It is of interest to note the very useful feature of using RECC as inverse
kinematics. The kinematic transformation between projectile and laboratory
frames results in a nonlinear but high gain amplification of small energy inter-
vals very near zero energy in the projectile rest frame. For example, the [0 -
1 eV] electron kinetic energy interval in the rest frame of a 90 MeV/u projec-
tile is transformed into the interval [49.372 keV - 49.827 keV] for zero degree
electrons in the laboratory frame for an overall energy interval amplification
factor of ≈ 455.
In conclusion, using RECC as inverse kinematics opens the door to the
long desired access to the short wavelength limit of e-n bremsstrahlung by
measuring the coincidence between the continuum electrons of the projectile
and the emitted photons. For this reason one needs to turn attention to the
forward electron emission and the continuum electrons of the projectile and
to look at the different channels contributing to the cusp electrons which may
interfere with the bremsstrahlung photons.
2.4 Binary Encounter
When an ion collides with an atom, ionization of the target may occur as
a consequence of the transfer of kinetic energy from the projectile to target
electrons by Coulomb interaction. Perhaps the simplest ionization mechanism
is a two-body collision between a projectile and a target electron referred to
as a binary encounter (BE) if the interaction of the ejected binary-encounter
electron with the target nucleus is neglected [97, 98]. According to classical
(non-relativistic) two-body kinematics, electrons initially at rest in the labo-
ratory frame should be ejected with an emission angle θ-dependent velocity
of
vBE = 2vp cos θlab (2.43)
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if their binding energy and also relativistic effects are neglected (vp denotes the
projectile velocity). This corresponds to an energy of
EBE = 4(
me
Mp
)Ep cos
2 θlab (2.44)
where me is the electron mass, Mp is the mass of the projectile, and Ep is
the projectile energy . In the case of forward electron spectrometry (θ = 0◦,
present work) the binary encounter peak is expected at vBE = 2vp (EBE =
4(me
Mp
)Ep) which is the maximum velocity a target electron can acquire in a
binary collision with the projectile.
At relativistic velocities (but still no binding effects), the momentum of the
ejected electron P = γmve rather than its velocity ve is the relevant quantity
which can be related to the projectile velocity vp as:
P =
2γ
√
γ2 − 1
α
(2.45)
with γ = (1− (vp/c)2)−1 and α is the fine structure constant (α ' 137). The
kinetic energy of the ejected binary encounter electron in this case can be given
by [99]:
EBE =
2v2p cos
2 θlab
1− β2 cos2 θlab + 2me/(Mpγ) +m2e/(Mpγ)2
(2.46)
The target nucleus now comes into play in that the electrons are bound to
it in different shells. Therefore, the observed distribution of binary encounter
electrons at a fixed angle is not a δ-function as described by equation (2.43),
but a broad distribution centered around vBE which reflects the initial one
dimensional momentum distribution of the bound electrons of the target atom
(projected onto the axis of the projectile trajectory), that is, the ”Compton
profile” [100, 101]. Both the momentum distribution and the binding energy
cause a slight shift of the binary encounter peak towards lower energies [102].
It is noteworthy that in the case of collisions of bare ions with a few-electron
target (pure target ionization), the electron-ion elastic scattering cross section
is smooth and given in the projectile frame by the classical Rutherford formula.
In this case, the result of convolution of the elastic scattering cross section with
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the electronic momentum distribution is that a symmetric binary encounter
peak is produced with a width that is proportional to the target Compton pro-
file [99, 103]. For projectiles with many electrons (partially stripped ions), the
elastic scattering cross sections are not smooth, but have significant structure
or oscillation and are larger for these ions than for bare projectiles at backward
angles in the projectile frame. It is explained as being due to the interference
between the static Coulomb scattering amplitude and the additional scatter-
ing amplitude due to the short-range potential of the screened ions[104, 105].
This leads to enhanced binary encounter peaks in the forward direction in the
laboratory frame. Here, the convolution of the elastic scattering cross sec-
tion with the electronic momentum distribution will result in a binary electron
distribution which reflects these oscillations [103].
2.5 Kinematics of Inelastic Ion Atom Colli-
sions
In this section, only a short summary on the kinematics of inelastic ion atom
collisions will be given which is helpful for the understanding of experimental
aspects and results mentioned in chapter 3 of this work. details can be found
elsewhere [106, 107, 108, 109]. The typical momentum transfer in most ion
atom collisions is in the range of a few atomic units. This is only a very
small fraction of the initial momentum of the projectile in most collisions
(for example in a few MeV H+ on He collisions the momentum exchange
is less than 10−4 of the initial projectile momentum). Thus observation of
momentum transfer in ion atom collisions by projectile detection (scattering
angle and/or energy gain or loss measurements) is restricted in resolution by
the fact that in the laboratory system a small change of a huge momentummust
be resolved. Much higher resolution can be achieved by measuring quantities
like electron or recoil ion momenta since these reaction products are initially
nearly at rest in the laboratory frame. Because any momentum change of the
projectile must be compensated by the sum momentum of the recoiling ion and
all emitted electrons, the complete momentum balance of the reaction can be
measured with much improved resolution by detecting recoil ions and electrons
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[110, 111, 112].
In the collision process, the projectile and its electrons (if non-bare ionic
projectiles are used) interact with the target atom through Coulomb interac-
tion. The three most important processes can be induced are: ionization of
nT target electrons, ionization of np projectile electrons, and the capture of
nc target electrons into projectile bound states. Certainly, all these reaction
channels might occur simultaneously within the same collision. As a result,
there will be N fragments in the final state with N = nT + np + 2 for ion
impact and a total of n = nT + np electrons released to the continuum. Due
to momentum and energy conservation, the collision kinematics is fully de-
termined if 3N − 3 linear independent (scalar) momentum components are
measured in kinematically complete experiments (neglecting the spin). Then,
fully differential cross sections can be extracted. The energy change of the
projectile (∆Ep) resulting from nonrelativistic energy conservation is given by
(all in atomic units where the electron mass me, the electron charge e, and the
planck’s constant ~ is equal to unity : me = e = ~ = 1):
∆Ep = −Q+ 1
2
(nc − np)v2p −
np+nT∑
i=1
Eie (2.47)
where Q (Q-value) denotes the change in internal energy of the projectile
and the target, i.e. the energy difference between the final and initial bound
electronic states Q = Ebindf − Ebindi , vp is the projectile velocity, and Eie is the
continuum energy of the ith electron in the laboratory frame. The momentum
change of the projectile in the longitudinal direction ∆Pp|| can be related to
the energy change as:
∆Pp|| =
∆Ep
vp
= −Q
vp
+
1
2
(nc − np)vp −
np+nT∑
i=1
Eie
vp
(2.48)
From momentum conservation laws it follows for the longitudinal momentum
of the recoil ion (PR||):
PR|| = −(∆Pp|| +
np+nT∑
i=1
P ie||) (2.49)
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where P ie|| is the final momentum of the i
th electron. Using equation (2.48) we
come to the general result
PR|| =
Q
vp
+
1
2
(np − nc)vp +
np+nT∑
i=1
(
Eie
vp
− P ie||) (2.50)
This general equation can now be simplified if we focus on several special
reaction channels.
2.5.1 Kinematics of Pure Electron Capture
In this process, nc electrons are transfered from the target to bound states of
the projectile (np = nT = 0). For pure electron capture, only discrete values of
PR|| occur corresponding to the energy eigenvalues of the projectile and target
electrons. Equation (2.50) reduces to
PR|| =
Q
vp
− 1
2
ncvp = −∆Pp|| (2.51)
and the final longitudinal recoil-ion momentum directly reflects the Q-value of
the reaction.
2.5.2 Kinematics of Pure Target Ionization
For pure target ionization (np = nc = 0), in the longitudinal direction one
obtains
PR|| =
Q
vp
+
nT∑
i=1
Eie
vp
−
nT∑
i=1
P ie|| (2.52)
The Q-value is given by the sum of the well known sequential ionization po-
tentials of the emitted electrons and the excitation energies of the remaining
target (and projectile) electrons (if non-bare ionic projectiles are used). So,
Q/vp is fixed for a given beam velocity and final target (and projectile) excita-
tion and the recoil-ion longitudinal momentum only depends on the energies
and longitudinal momenta of the emitted electrons [113, 114].
For very low-energy target electrons (continuum electrons) at large projec-
tile velocities, the condition
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Q+
∑nT
i=1E
i
e
vp
¿ PR|| (2.53)
is valid. Consequently, the first two terms on the right-hand side of equation
(2.52) are small and the recoil-ion longitudinal momentum distribution mir-
rors the sum-momentum distribution of the emitted electrons along the beam
direction PR|| = −
∑nT
i=1 P
i
e||.
2.5.3 Kinematics of Pure Projectile Ionization
For the ionization of np electrons of the projectile (nc = nT = 0) from equation
(2.50) it follows:
PR|| =
Q
vp
+
np∑
i=1
Eie
vp
(2.54)
For this case one can calculate the total energy loss (or gain) of the projectile
directly from the measured PR||.
Chapter 3
The Experiment
3.1 The GSI Accelerator Facility
Ion beams of bare and few electron projectiles with beam energies extending up
to the relativistic energy regime can be produced at the GSI accelerator facility.
It consists of the linear accelerator (UNILAC), the heavy ion synchrotron (SIS),
and the experimental storage ring (ESR). The Layout of the accelerator facility
and experimental areas at GSI are displayed in figure (3.1).
The large number of experiments performed at the GSI accelerator facility
are demanding a great variety of different ion species and beam intensities.
For that purpose, ion beams of most elements across the periodic table up to
uranium are delivered to the UNILAC by three different injectors equipped
with three different ion sources: the standard injector with a penning ion
source, the high current injector with a MEVVA ion source, and the high
charge state injector (HLI) with an ECR ion source. For details about ion
sources used at GSI see [115, 116, 117, 118].
After being produced in the source, low-charge uranium ions (U+4, ...., U+10)
are first pre-accelerated in the UNILAC which is designed to accelerate all ion
species with mass over charge ratios of up to 8.5. The UNILAC consists of
three main parts: the 36MHz high current RFQ/IH-injector, a N2 gas stripper
section at energy of 1.4MeV/u and maximum charge state of 28+ for uranium,
and finally a 108MHz Alvarez type radio frequency (RF) accelerator which ac-
celerates ions up to an ion-beam-energy of 11.4MeV/u which is sufficient to fill
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Figure 3.1: Layout of the accelerator facility and experimental areas at GSI.
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the SIS up to its space charge limit [119]. After 110 m acceleration, ion beams
can be supplied simultaneously to low energy experiments (≤ 11.4 MeV/u)
and the injection line for the heavy ion synchrotron SIS in a fast time sharing
mode based on the 50 Hz macro-structure of the beam [120]. Subsequently,
the ion beam passes through a thick (few mg/cm2) carbon stripper foil. Then
the charge state of 73+ is magnetically separated and transported towards the
heavy-ion synchrotron SIS where ions are subjected to a further acceleration.
The SIS is a fast cycled, free programmable, separated function machine with
circumference 216 m and maximum magnetic rigidity of 18 Tm. The mag-
netic rigidity of the SIS limits the range of available specific ion energies to 2
GeV/u for light ions, e.g. Ne10+ and 1 GeV/u for U73+. SIS bunches are then
transferred through a transfer line towards the experimental installations like
caves A, B, and C, the fragment separator (FRS), and the ESR. In the transfer
line, ions may be stripped and from the emerging charge state distribution,
the beam fraction in the required charge state is magnetically separated. In
order to strip ions to very-high-charge states, successive collisions are required
and a center-of-mass energy greater than the total binding energy of all the
electrons is to be removed. In equilibrium stripping, the mean charge state of
the outgoing beam after stripping is the charge state such that all electrons
with orbital velocities less than the projectile velocity are removed. For ex-
ample, for the case of uranium ions where the K-shell binding energy amounts
to ≈ 130 keV, a beam energy of at least 300 MeV/u is required in order to
produce fully stripped ions with sufficient intensity, a beam energy which cor-
responds approximately to β = 0.6, where β denotes the ion velocity in units
of the speed of light c. For this purpose the SIS bunches intended for transfer
to ESR pass in the transfer line through a thick 20 mg/cm2 Cu stripper foil.
The beam may be first directed to the large fragment separator FRS before
being transferred to the ESR [121].
3.2 The Experimental Storage Ring ESR
The heavy-ion storage ring ESR at GSI in Darmstadt is the only storage
ring capable to store high-Z ions at relativistic energies (from 4 MeV/u up
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to 556 MeV/u); it represents a unique part of the accelerator facility of the
GSI. Figure (3.2) shows a schematic sketch of the ESR storage ring and its
main components such as the electron cooler device, the internal gas-jet target,
the x-ray detector chamber, the forward electron spectrometer, and the radio
frequency cavities (rf-cavities). The magnetic rigidity of the ESR amounts to
10 Tm which corresponds to a specific beam energy of 556 MeV/u for U92+.
The ring geometry is a stretched hexagon determined by a special magnet
structure and consists of 6 bending magnets and two 10 m long magnet-free
straight sections leaving sufficient space for electron cooling and in-ring exper-
iments. The circumference of the ESR amounts to 108.36 m which is exactly
one half of the SIS-circumference and represents the result of carefully bal-
ancing the advantages of small ring size against the demand for easy beam
transfer and comfortable space for special equipment for beam cooling and
in-ring experiments [120, 122, 123].
In the storage ring the injected ion beam is very efficiently cooled by Coulomb
interaction with co-moving electrons in the 2.5 m long electron cooler section
[124]. The electron cooler current I determines the cooling power which is di-
rectly proportional to I. However, operation with high electron currents is less
desirable in most applications for experiments with highly charged ions because
the beam lifetime drops significantly with increasing the current: τ ∝ 1/Icooler
where τ is the beam lifetime. The electron cooler current causes beam ions
and cooler electrons to recombine thus reduces the beam lifetime of the cooled
heavy ion beams under UHV conditions by the REC. The estimated lifetime
of U92+ beam at 20 MeV/u is about 100 sec. Therefore, a high efficiency of
the cooling system is desired in order to reduce ion beam losses by operation
of the electron cooler at low electron currents [125]. For this purpose, Electron
currents up to 1 A are applied if fast cooling is required. For cooling of stored
beams, electron currents of typically 100 to 300 mA are preferred [126]. Elec-
tron energy and electron current can be set independently in order to match
the cooling parameters to the needs of the experiment. The electron cooling
system was designed for operation in the energy range from a few keV up to
a maximum electron energy of 320 keV. Presently its maximum accelerating
voltage for breakdown safe operation is 240 keV corresponding to an ion en-
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Electron energy 1.6 - 240 keV
Electron beam current 0.001 - 1 A
Electron beam density 2× 108 cm−3
Electron beam diameter 50.8 mm
Electron beam temperature transverse 0.1 eV
horizontal ∼ 0.1 meV
Length of cooling section 2.5 m
Diameter of cooling section 25 cm
Magnetic guiding field 0.015 - 0.2 T
Table 3.1: The main parameters of the electron cooler in the ESR at GSI.
ergy of 440 MeV/u [127]. A variable longitudinal solenoidal magnetic guiding
field of ≈ 0.1 T is also applied in the electron cooler in order to conserve the
electron beam diameter of ≈ 50 mm [124, 128]. In figure (3.3), the layout of
the electron cooler design as used at the ESR is shown. The main parameters
of the electron cooler are listed in table (3.1).
Electron cooling in the ESR is applied to provide ion beams of low mo-
mentum spread. Electron cooling reduces the relative longitudinal momentum
spread in the injected ion beam from ∆p/p ≈ 10−3 to about 10−5 and the
transverse emittance of the stored ion beam from about 5pi mm mrad to less
than 0.1pi mm mrad. However, both the transverse emittance and the relative
momentum spread of the stored beam depend on the number of stored ions and
the applied cooler current. The large reduction in the longitudinal momentum
spread of strongly electron-cooled heavy ions in the ESR is explained by the
fact that intrabeam scattering becomes strongly suppressed. This in turn is
interpreted at low intensities as the effect of beam ordering, in such a way
that the ions become lined up after one another like beads on a string without
being able to pass each other due to their small relative velocity which is due
to the cooling and the strong Coulomb repulsion between the highly charged
ions [130]. In particular, electron cooling ensures a well-defined beam velocity
with a velocity spread better than ∆β/β ≈ 10−4. For detailed discussion of
the electron cooling technique see [129].
For the cooling process, a certain cooling time tc is needed which may be
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Figure 3.2: Schematic presentation of the storage and cooler ring ESR at GSI-Darmstadt.
The layout depicts the beam guiding system (dipole bending magnets, quadrupoles and
hexapoles) as well as the most important installations for beam handling and diagnostics
(kicker, rf cavities, electron cooler). The positions of the internal jet-target, x-ray detection
chamber, and the forward electron spectrometer are marked in addition [122, 123].
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Figure 3.3: Layout of the electron cooler device used at the storage and cooler ring ESR.
Electrons produced in the electron gun at a cathode temperature of ≈ 1300 K are guided
by a ≈ 0.1 T magnetic field co-propagating over a distance of 2.5 m with the stored ion
beam [129].
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considered also as a lower limit for lifetimes of the radioactive nuclei to be
stored, cooled and experimented with in the ESR. Electron cooling theory
[131, 132] gives a 1
Z2
and 1
Icooler
cooling time dependence: tc ∝ 1Z2Icooler ; where
Z is the projectile mass, and Icooler is the electron cooler current. For U
88+ and
the parameters of this work, a cooling time of about 1 sec is expected [123].
Both the revolution frequency, corresponding to the momentum of the ion
beam assuming the beam trajectory is known, as well as the momentum spread
can be measured via Schottky-noise detection. The schottky noise is the sta-
tistical noise in the beam current. It is due to the fact that the beam is made
up of finite number of individual particles which generates microscopic charge-
density fluctuations in the ion beam which appear in the form of a fluctuation
of the instantaneous beam current around its macroscopic average and also a
fluctuation in the revolution frequency of the ion beam [133, 134]. The fre-
quency spread (∆f/f) of the beam is detected by a capacitive pickup consisting
of four plates surrounding the ion beam. The resulting signal is recorded by
a spectrum analyzer. And finally, the relative longitudinal momentum spread
(∆p/p) is obtained from the measured relative frequency spread through the
relation:
∆p
p
=
1
η
∆f
f
(3.1)
where the frequency dispersion η is a machine parameter which depends di-
rectly on the relativistic parameter γ (for the ESR η = 0.3 at γ = 1.6)[130,
135]. As an example, a Schottky frequency spectrum of an uncooled ion beam
in comparison with a cooled one is given in figure 3.4 [136].
The cooling technique also leads to more brilliant beams, i.e. to small beam
sizes with typical diameters of less than 5 mm, this factor is in particular
important for precise measurements at the jet target, where a control over
geometrical factors and possible doppler corrections is required for precision
measurements.
The effective number of stored particles per second available for experiments
averaged over a time cycle of one day has been improved significantly within
the last years from about 103 at 1992 to 106 at 1994. For high-Z ions, like
uranium, more than 108 ions can meanwhile be stored routinely by using single
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Figure 3.4: Schottky frequency spectrum for a circulating beam of U92+ ions at 295
MeV/u. The broad distribution refers to the non-cooled beam, measured directly after
injection into the ESR. The narrow distribution reflects the momentum profile of a contin-
uously cooled ion beam [136].
pulse from the SIS synchrotron. This number is still below the upper limit of
particles which can be stored in principle. The limits are due to the space
charge potential of the stored ion beams and restrict the number of stored ions
e.g. for the case of bare uranium at 556 MeV/u to 9.3× 109 and at 50 MeV/u
to 4.4× 108 [122, 123].
Another feature of the ESR is the possibility to store and cool simultane-
ously more than one charge state of an ion, e.g. two for Kr-, three for Au-,
and even four for U- ions [120]. A further unique feature of the ESR is the
deceleration capability. The beam, in general highly ionized ions stored and
cooled at high energy, can be decelerated down to few MeV/u far below the
production energy of ionic species which allows one to investigate charge ex-
change process for highly-charged ions in a completely new energy domain.
For this purpose, the electron cooler has to be switched off and the coasting
beam must be rebunched and decelerated while simultaneously ramping down
the magnetic fields. At the final stage of beam handling, the electron cooler
has to be switched on again. Using this procedure, bare uranium ions were
successfully decelerated from 400 MeV/u to a minimum energy of 3 MeV/u,
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Specific energy 3.0-556 (238U92+) MeV/u
Number of ions 108 sec.−1
Magnetic rigidity 0.5 - 10 Tm
Electrostatic rigidity 10 - 2550 MV
Ring circumference 108.36 m
Mean radius 17.246 m
∆p/p range 0.1 - 0.001 %
∆β/β 0.01 %
Transverse emittance range 5pi - 0.1pi mm.mrad
Beam diameter 3-5 mm
Cooling time 0.2 (for U92+) sec.
Life time 100 (for U92+ at 20 MeV/u) sec.
Target density 1014-1017 mol.cm−3
Target thickness 0.3 - 300 ng.cm−2
working pressure 10−11 mbar
Backing temperature 300 ◦C
Frequency range 0.85 - 5 MHz
Schottky pick up 3
Table 3.2: The major parameters of the ESR.
the minimum energy of the ring, in about 1.5 sec [137]. In our measurement,
the deceleration feature of the ESR was not used since the correct beam en-
ergy (90 MeV/u) was directly delivered from SIS and the beam was not to be
decelerated.
The most severe source of beam losses in the ESR are charge changing colli-
sions -mainly electron capture and, to a smaller extent, electron loss- between
highly charged ions and residual gas molecules. The most critical process,
electron capture at low energies, requires an ultrahigh vacuum (UHV) system
of ≈ 10−11 mbar pressure. One important technical complication due to this
low pressure is the necessity of in situ baking of the system at 300 ◦C includ-
ing all equipment for beam cooling and in-ring experiments [123]. The major
parameters of the ESR are listed in table (3.2).
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3.3 The Internal Supersonic Jet-Target of the
ESR
In order to produce high-density targets and at the same time maintain the
UHV in the ring, the ESR is equipped with a supersonic gas jet target which
has become a standard device to perform in-ring experiments. In figure (3.5), a
schematic sketch of the gas jet is shown [138]. The jet is produced by expanding
a gas through a Laval nozzle of 0.1 mm in diameter. To meet the ultrahigh
vacuum (UHV) requirements of the ESR (≈ 10−11 mbar), the actual set-up
consists of an injection and a dump section, both separated by skimmers in
four stages of a differential pumping system. The pass of the free jet in the
UHV of the interaction chamber is 70 mm. For a detailed description of the
design and principle of operation of the target set-up see [138, 139].
In order to operate the target with very different gas species at optimum
performance, the distance of the nozzle to the first skimmer can be adjusted 3-
dimensionally via remote control. This allows one to achieve a density variation
by up to a factor of 10 for all the various target species available for experiments
[139]. Under experimental conditions, the typical distance between the nozzle
and the first skimmer amounts to 30 mm for light gases and 60 mm for heavy
gases.
The input pressure can be varied from 100 mbar to 20 bar, depending on the
nozzle geometry and the gas species used. Target gases currently available are:
H2, N2, CH4, Ar,Kr and Xe. For the expensive noble gases such as krypton or
xenon, a recycling system is used, which cleans and recompresses the gas. The
typical gas-jet target density amounts to about 1012 particle/cm3 [138], which
should be compared with a typical density of a solid state target of about
1021 particle/cm3. The 10−11 mbar UHV-pressure in the surrounding chamber
corresponds to residual gas density of about 105 particle/cm3 and contributes
only 10−5% to the total target density.
A further most important parameter of the target is its geometrical diameter
of about 5 mm. This follows from the geometry of the skimmer design and
has been confirmed experimentally by using a photomultiplier to measure the
counting-rate of photons from the interaction point at different positions of the
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Figure 3.5: Schematic graph of the ESR internal gas-jet target [138, 139].
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Figure 3.6: Normalized photon counting rate measured as a function of the ESR ion beam
position [138].
ESR ion beam. Figure (3.6) shows an example of the photon counting-rate in
normalized units as function of the position of a 370 MeV/u U92+ ion-beam
interacting with a N2 target (target density 2 × 1012 cm−3). The measured
function corresponds to a gas-jet diameter of 5 mm and an ion beam diameter
of approximately 1 mm [138].
In experiments at the jet target, one must account for the partially dra-
matic effect of the atomic charge exchange processes in the target zone on the
beam lifetime. This is particularly true when dealing with high-Z targets or
with decelerated ions [140]. In general, the lifetime of a cooled ion beam is
determined by the charge-exchange cross sections of the ions interacting with
the residual gas and, as mentioned earlier, the radiative recombination rate
in the electron cooler. However, if the gas-jet target is used, the lifetime of a
beam is essentially determined by electron capture or loss processes occurring
in the gas jet volume [140]. The cross section σ for the latter processes are
related to the lifetime τ of the stored beam by the relation:
1
τ
= λ = ρσf (3.2)
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Figure 3.7: Layout of the experimental arrangement at the internal jet-target. X-ray
detectors view the target interaction zone at observation angles in the range between ≈4◦,
and 150◦. The movable detector allows to cover detection angles close to zero. All detectors
are separated from the UHV system of the storage ring either by 50 µm thick stainless steal
or by 100 µm thick Be windows [141].
where λ denotes the charge exchange rate, ρ is the areal density of the gas-jet
target in units cm−2, and f is the revolution frequency of the circulating ion
beam.
The jet target is equipped with a specially designed experimental scatter-
ing chamber (see figure 3.7) which allows measuring simultaneously the X-ray
emission at different observation angles. This setup is especially suited for an-
gular distribution studies of atomic photon emission precesses involving high-Z
projectiles. The accessible angles are ≈ 4◦, 35◦, 60◦, 90◦, 120◦, and 150◦ with
respect to the beam axis [141, 142]. All detectors are separated from the UHV
system of the ESR by a thick (50 µm) stainless steel or (100 µm) Beryllium
windows.
The basic principle of charge exchange experiments at the ESR gas-jet target
is shown on figure (3.8), where ions after an electron capture or ionization
are deflected by the first ring dipole magnet downstream of the jet target
zone towards particle detectors. For this purpose, position sensitive multi-wire
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proportional counters (MWPC) are mounted horizontally inside and outside
of the central trajectory which allows one to measure accurately the position
of the up- or down-charged ions on the detector with a detection efficiency
close to 100% [143]. It is noteworthy that this works only in the case of high
Z projectiles. The radius r of the trajectory of an ion moving in the magnetic
field B of the dipole magnet is related to its charge state q as
r =
p
qB
(3.3)
where p is the momentum of the ion. This leads to the result
∆r
r
∝ ∆q
q
(3.4)
which in turn implies that at small ∆q/q, i.e. high Z, the trajectories for the
charge exchanged projectiles, (q − 1) and (q + 1) are slightly deflected and
several charge states can emerge from the dipole magnet towards the particle
detectors while for large ∆q/q, i.e. low Z, the charge exchanged projectiles,
(q − 1) and (q + 1) are highly deflected and never get to the MWPC but hit
the wall at both sides inside the ring dipole magnet.
3.4 The Extended Reaction Microscope
Recoil-ion and electron momentum spectroscopy (RIMS) is a rapidly develop-
ing technique that has been developed [110, 111, 112, 144, 145] to provide an
efficient and precise experimental tool to explore the correlated dynamics of
collision-induced atomic many-particle reactions in a kinematically complete
fashion by measuring simultaneously the final-state vector momenta, and thus
angle and energy, of all involved collision fragments: recoil ions, scattered
projectiles and ionized electrons.
In the recent past, essentially since less than two decades, the field of RIMS
was revolutionized from the experimental point of view by the invention of
the many-particle momentum imaging and projection machines, the so-called
reaction microscopes [144]. Historically, reaction microscopes have emerged
from recoil ion momentum spectroscopy. Since the first recoil-ion momen-
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Figure 3.8: Principle of charge-exchange experiments at the internal jet target of the
ESR storage ring illustrated for the case of stored H-like ions. The primary beam of stored
ions at charge-state q crosses a perpendicularly oriented molecular or atomic supersonic
gas beam. The ring dipole magnet serves as a magnetic spectrometer for changes of the
magnetic regidity, here electron capture (q-1) and ionization (q+1) [143].
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tum measurements by Ullrich and Schmidt-Bo¨cking [107, 146, 147, 148], reac-
tion microscopes are continuously developed through the integration of target
preparation, projection techniques and detector development [149, 150, 151]
which leads to today’s reaction-microscopes developed by Moshammer et al
[111, 152] and Ullrich et al [153].
Reaction microscopes have made it possible to measure the vector momenta
of several fragments as ions, electrons, molecular ions with large solid angles,
often reaching one hundred per cent of 4pi, exceeding those of conventional
methods by many orders of magnitude, at extreme precision: momentum res-
olutions typically around a few per cent of an atomic unit (a.u.) and energy
resolutions below 1 meV for slow electrons [144].
Reaction microscopes are based on extracting recoil ions and electrons cre-
ated in the interaction volume between a localized gas target with small mo-
mentum spread (see section 3.5.1) and the ion beam and project them onto
large area position-sensitive channel plate detectors equipped with structured
anodes for position decoding. By measuring the times of flight and the impact
positions of the recoil ions and electrons on the detectors, their trajectories
can be reconstructed and the complete starting momentum vectors can be
calculated.
As mentioned previously (section 2.5), as a result of the ionization of nT tar-
get electrons and np projectile electrons, always there will be N = nT +np+2
fragments in the final state for ion impact (2 stands for the two parent nuclei)
and a total of n = nT + np electrons released to the continuum. Due to mo-
mentum and energy conservation, the collision kinematics is fully determined
if 3N − 3 linear independent scalar momentum components are measured in
kinematically complete experiments. For example, in the case of simultaneous
target and projectile single ionization (nT=1, np=1, N = 4) fully differential
cross sections can be extracted if 9 independent momentum components are
measured.
Recoil ions are detected in reaction microscopes with near 4pi solid an-
gle detection efficiency by means of an electrostatic field, while an additional
weak homogenous magnetic field is required in the case of electrons for effi-
cient detection. The magnetic field is generated by a pair of Helmholtz coils
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and superimposed along the reaction microscope axis and used to effectively
confine the motion of electrons in space and to force them to travel on spiral
trajectories from the reaction volume to the detector.
In the various reaction microscopes used so far for charged particle impact,
collision energies available are below ≈ 4 MeV/u and mapping both the fast
high energy electrons resulting from projectile ionization and the slow low
energy electrons resulting from target ionization onto the same detector still
results in an acceptable momentum resolution (see section 3.5.7). However,
for collision energies above ≈ 4 MeV/u; Eelectron ≈ 2 keV, it is not practical
to map the fast and the slow electrons onto the same detector. To extend the
near 4pi electron imaging to the projectile continuum, an independent magnetic
spectrometer was necessary, for high energy experiments, which guides fast
electrons emitted into a narrow cone around the beam direction onto a position
sensitive detector and which allows to reconstruct the initial momenta of fast
electrons emitted in ionization and capture processes.
Presently, we have implemented a magnetic forward electron spectrometer
in the ESR at GSI which is dedicated to 0◦ electron spectroscopy in collisions
of stored ions with gaseous and cluster targets at the supersonic jet target
region (for details see section 3.6). When jointly operated with the reaction
microscope, the forward electron spectrometer will expand the possibilities of
the reaction microscope for kinematically complete experiments with relativis-
tic ions in the ESR. It is planned to implement a reaction microscope in the
ESR in the close future, until then we used the forward electron spectrom-
eter to study charge transfer to continuum cusps and their relation to the
electron-nucleus bremsstrahlung. At the same time, the reaction microscope
was commissioned using ionization studies at the UNILAC (see section 3.5).
Using the combination of the forward electron spectrometer with the reac-
tion microscope (see figure 3.9) in the future will make significant contributions
to our understanding of the dynamics of ion atom collisions. The interplay
between both instruments will enable for the first time fully differential mea-
surements for:
1-Single and multiple ionization of target and projectile in collisions of rela-
tivistic highly-charged ions with atoms.
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Figure 3.9: Schematic drawing of the extended reaction microscope in the supersonic jet
target zone of the ESR storage ring at GSI [154].
2- Electron impact ionization and excitation (e,2e) of projectile ions in arbi-
trary charge states.
3- Recoil ion and electron momentum spectroscopy at relativistic energies.
4- Emission of electron-nucleus bremsstrahlung via inverse kinematics using
cusp electron x-ray coincidence.
In the following sections we give a detailed description of the main parts of
the extended reaction microscope.
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3.5 Reaction Microscope for Recoil Ions and
Low Energy Electrons
In the literature, vertical and longitudinal extraction reaction microscopes were
used to investigate electron and ion-impact reactions, laser induced fragmen-
tation, and the interaction of photons with atoms and molecules. The GSI
longitudinal reaction microscope used in this work is described schematically
in figure (3.10). A well collimated beam of localized gas target, atoms or
molecules provided by a supersonic gas jet is crossed with a projectile beam of
any kind. The cross-over defines the effective interaction target volume. The
interaction target volume will be defined as the geometrical overlap volume be-
tween the target and the projectile beams. An electric extraction field parallel
to the beam direction is applied in the target zone in order to guide ionized
electrons from the small interaction target volume towards a position-sensitive
detector. The same electric field will guide recoil ions along the projectile beam
in the opposite direction and project them onto another position-sensitive de-
tector in the opposite side.
The extraction field is generated by two parallel 5 mm thick ceramic plates
each 220 mm long and 200 mm wide. The two plates are placed 70 mm
from each other. Each plate has a hole 16 mm in diameter for the incoming
and outgoing atomic beams. Each ceramic plate is plated with two burned-in
resistive layers on the side facing the opposite plate. Two resistive areas on
each plate are provided. A 5 mm outer rim with a specific resistance of about
20 kΩ/cm and the inner area with 14 MΩ/cm. By adjusting the potentials
with a maximum 5 kV due to resistive heating at the four corners of each
plate the ions can be easily steered in the transverse, longitudinal, or any
other direction [152]. A further advantage of this configuration is that the
offset downward velocity of the ions from the gas jet (see equation 3.15) can
easily be compensated by steering the ions back upward to the center of the
channel-plate detector by applying a weak upward electric field. This can
be done easily by setting the voltages at the upper and lower plates slightly
asymmetric. For example, instead of using −40 V on both plates, we have
used in our experiment a voltage of −42.2 V at the upper plate and a voltage
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Figure 3.10: Schematic drawing of the GSI reaction microscope as have been used for the
study of 3.6 (MeV/u) Ne3+ +Ar ⇒ Ne4+ +Arq+ + e−fast + e−slow
of −41.7 V at the lower plate which generates an upward electric field of
≈ 0.07 V/cm.
The extraction region is followed on either side by a field-free drift region.
Therefore, slight field inhomogeneities appear at the transition from the accel-
eration region into the field-free drift region causing lens effects in the mapping
of recoil ion transverse momenta. The effect of this extraction field inhomo-
geneity is that principally the ion time of flight does not depend on the longi-
tudinal momentum p|| alone but becomes a function of both the longitudinal
momentum p|| and the transverse momentum p⊥ . Thus, the ion momentum
resolution can be optimized by improving the electric field homogeneity over
the spectrometer volume traced out by the ion trajectories. However, since re-
coil ions already gained the full extraction potential at the transition they are
rigid enough to pass this region with only minor deflection. The trajectories
of typical collision induced recoil ion transverse momenta of less than 2 a.u.,
however, are only about 3 mm away from the central trajectory with p = pjet
at the end of the potential plates [152]. Thus, these lens effects are estimated
to be extremely small and do not measurably decrease the momentum reso-
lution of ∆p⊥ = 1.54 a.u. in the transverse direction and their influence on
the recoil ion time of flight (longitudinal momentum information) is very small
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compared to the uncertainty ∆p|| = 0.4 a.u. resulting from other sources. For
the detailed discussion of the momentum resolution see section (3.5.7).
Further improvement of the recoil-ion transverse momentum resolution can
be achieved by using a grid in front of the detector to shield the field-free drift
region from the postacceleration field (typically 1 kV/mm) in front of the ion
detector which will in turn reduce the field inhomogeneities at this transition
region. The individual pores of the grid may act as strong lenses restricting
the achievable position resolution for such low-energy ions to the mesh width.
Field inhomogeneities expected around the plate-holes due to the close lying
ground of skimmer, chamber, and jet-dump have been reduced to negligibly
small values by applying correction potentials (∼ 20 volt) at the outer part of
both plate holes.
In order to eliminate the influence of the target extension on the longitudinal
momentum resolution, the drift path length was chosen to be 220 mm, twice
the acceleration length of 110 mm. The exact ratio of 1 to 2 between the length
of acceleration and drift region assures that ions starting with the same initial
longitudinal momentum but at slightly different positions in the interaction
target volume arrive at the same time at the detector. This is called time-
focusing condition [155]. This way, the uncertainty in the determination of the
longitudinal momentum due to the finite target extension along the beam is
reduced so drastically that it is completely negligible. Similarly, in order to
eliminate the influence of the target extension on the transverse momentum
resolution a position-focusing have been developed. This position-focusing
means that ions starting at different positions in the target zone are focused
onto a single spot on the detector while the displacement on the detector is
still proportional to the initial momentum. To achieve position-focusing a
weak electrostatic lens is implemented into the acceleration region, preferably
as close as possible to the reaction-zone while the detector is placed in the focal
point of the lens. In general, the implementation of a lens requires a longer
drift region compared to a spectrometer with homogeneous fields. Adapting
position-focusing, the resolution is no longer limited by the source extension
but by the imaging properties of the spectrometer. For more details about
position-focusing see [108, 155]. Such focusing conditions are indispensable
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Figure 3.11: Geometrical representation of the acceleration and drift regions of the path
of the recoil ions in the reaction microscope.
since one wants to resolve recoil ion energy differences of far below 1 meV,
where the typical width of the target of 1 mm would already corresponds to
30 mV difference in the starting potential [156, 157]. The relation between
the length of the drift region and the acceleration region has been derived as
follows: the time of flight (ts), in which an ion with zero initial longitudinal
momentum can cross the acceleration distance of length (S)(see figure 3.11 ),
is given by
ts =
√
2S
a
(3.5)
where a is the acceleration of the ion. And the time of flight (td) it needs to
cross the drift region of length (D) is given by
td =
D√
2Sa
(3.6)
Therefore, the total time of flight (t) of the ion till it reaches the detector
is the sum of these two times of flight, i.e.
t = ts + td =
√
2S
a
+
D√
2Sa
(3.7)
Now, the time of flight of the ions which start from different positions in
the interaction target volume with the same initial longitudinal momentum
should be independent on the start position. This means
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∂t
∂S
= 0 (3.8)
The differentiation leads to a condition for the ratio of acceleration to drift
distances
D = 2S (3.9)
which is the actual situation chosen for the GSI reaction microscope used in this
work (D = 2S = 220 mm). No electrostatic fields are applied in this reaction
microscope for the position-focusing of the transverse momentum components.
For atomic reactions involving outer-shell ionization of target atoms (present
work) characterized by impact parameters in the order of outer-shell radius,
recoil-ions emerge with kinetic energies of some meV or below [158] corre-
sponding to a momentum transfer of few atomic units. Therefore, extraction
fields of a few V/cm are generally sufficiently high to achieve a 4pi solid an-
gle collection efficiency with typical detector sizes of about 50 mm diameter.
However, emitted electrons have usually considerably larger kinetic energies
making it much harder to collect them. Most of them simply miss the de-
tector. In order to achieve a high acceptance together with a good resolution
for both electrons and recoil-ions in coincidence, a weak homogenous magnetic
field is superimposed along the reaction microscope axis and used to effectively
confine the electron motion in space perpendicular to the beam direction and
force them to travel on spiral trajectories from the reaction volume to the
detector. This technique has already been widely used in the last few years
[111, 153, 152, 159].
The magnetic field needs to be homogenous around the target area including
the recoil and electron detectors. It is generated by a pair of large Helmholtz
coils. By adjusting the distance between the coils equal to their radius a suf-
ficiently homogeneous magnetic field can be achieved in a quite large spatial
region. The Helmholtz coils used in our reaction microscope are 2 m in di-
ameter and each contains 16 turns. By varying the current in the coils, the
magnetic field can be adjusted to confine electrons up to a certain momentum
perpendicular to the field, 1.8 a.u. in the present work with 80 mm diameter
electron detector. In the course of the present work, the coil current values are
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in the range (0 - 100 A) which correspond to magnetic filed values in the range
(0 - 14 Gauss). Under the operating conditions of the present experiment, a
magnetic field B of 11.5 Gauss was used (I = 80 A). This field results in an
electron revolution time T of
T = 2pi
me
e B
= 31 nsec. (3.10)
which is the same for all electrons regardless of their energy. In equation (3.10),
me and e are the electron mass and charge respectively. With an active MCP
detector area of 80 mm diameter this will yield 4pi solid angle for electrons up
to an energy of about 45 eV. The magnetic field is slightly tilted horizontally
by 10.5◦ with respect to the direction of the ion beam to guide electrons of zero
initial transverse momentum out of the projectile ion path onto the detector.
This way, electrons emitted with zero transverse momentum hit the detector
close to the middle of its active area.
In the course of commissioning the reaction microscope for implementation
into the ESR, we have begun to use, first at low collision energies, the reaction
microscope for kinematically complete investigations. Here, we present a study
of the simultaneous target and projectile ionization for the collision of Ne3+
ion beam with an argon target. In such a process, electrons ionized from the
target will appear in the laboratory frame with low energy as slow electrons,
while electrons ionized from the projectile will have very small energy in the
rest frame of the projectile but will appear in the laboratory frame with high
energy as fast electrons corresponding to electrons moving with the projectile
velocity.
3.6 (MeV/u) Ne3+ + Ar ⇒ Ne4+ + Arq+ + e−fast + e−slow
The experiment was performed using a 3.6MeV/u stripped and charge state
analyzed Ne3+ beam from the UNILAC of GSI. The beam was collimated to a
size of about 1.2 mm×1.1 mm (horizontal×vertical) in the target region. The
charge state was analyzed after the collision and ionized Ne4+ projectiles were
recorded by a fast scintillation detector at a rate of up to 1 MHz. A double
stage supersonic jet provided a well localized argon target (see experimental
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results in section 3.5.8).
The whole reaction microscope is constructed to be UHV (Ultra High Vac-
uum) compatible in order to be implemented in the ESR storage ring (bakeable
up to 300 ◦C). A detailed description of the main parts of the reaction micro-
scope is given in the following subsections.
3.5.1 The Target
High resolution recoil ion momentum spectrometry requires a very low initial
momentum spread (∆p < 1 a.u.) of the target, which became possible with
the use of supersonic gas-jet targets. For example, when the argon gas is
treated as mono-atomic ideal gas, atoms are point-size, gas is low-density,
elastic collisions are the only interactions, the average thermal energy per
atom at room temperature (≈ 300 K) according to thermodynamics is
Etherm =
3
2
kT = 39 meV (3.11)
where (k: Boltzmann constant 8.617 × 10−5 eV/K), which corresponds to a
momentum per atom of
ptherm =
√
2mEtherm = 14.4 a.u. (3.12)
this means that the argon atom at room temperature has already such a large
initial momentum spread that typical momenta of the recoil argon ions gained
in the atomic collisions, typically less than 3 a.u. [17, 111] are covered by the
argon thermal motion. For this reason, the measurement of the momentum of
the recoil ion was not seriously exploited as an alternative high-resolution spec-
troscopy technique in ion-atom collisions before the development of supersonic
gas-jets [160].
Supersonic jets provide a dense, well localized and internally cold gas targets
which makes them ideally suited for recoil ion momentum measurements. In
supersonic gas-jets, a gas under high pressure is allowed to expand through
a very narrow nozzle into a vacuum chamber. During the expansion the gas
cools down from the temperature of the gas source (T◦) to some temperature
T ¿ T◦. Ideally, this expansion causes the free enthalpy
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H = Etherm + kT◦ =
5
2
kT◦ (3.13)
of the gas to be converted into directed kinetic energy and thereby the gas
flow is accelerated to a supersonic speed [161]. After the expansion, an atom
of mass mR will have a momentum in the expansion direction = jet direction
of
pjet =
√
5kmRT◦ (3.14)
and a velocity of
vjet =
√
5kT◦
mR
(3.15)
Ideally, all atoms have this velocity with negligible relative velocity with
each other. In practice, atoms have velocity distribution around this mean
velocity caused by self-scattering and by collisions of the target gas atoms
with the residual gas atoms. The width of the velocity distribution around
the mean velocity is described by the speed ratio S which reflects the actual
quality of the jet and is defined as the mean jet velocity divided by the thermal
spread in velocities, the FWHM of the velocity distribution. The speed ratio
for an ideal mono atomic gas is given by [162, 163]
S =
vjet√
2kT/mR
=
√
5T◦
2T
(3.16)
where T is the leftover internal jet temperature after the expansion which goes
towards zero in the ideal case. For all gases at a fixed gas source temperature
T◦ that is sufficiently high to avoid cluster formation the speed ratio is found to
vary approximately with source stagnation pressure p◦ and the nozzle diameter
d according to [164]
S ∝ (p◦d)1/2 (3.17)
Typical values for the speed ratio are in the range 5 ≤ S ≤ 100 which
corresponds to a final temperature in the range 7.5 mK ≤ T ≤ 30 K at a gas
source temperature of T◦ = 300 K [165].
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Several stages with differential pumping are used to handle the enormous
gas-load and to maintain a good vacuum in the reaction chamber. The region
in front of the nozzle where the expansion is still supersonic is called the zone
of silence. A typical value for the spatial extension xs of this region beyond
the aperture is given by [162]
xs =
2
3
√
p◦
ps
d (3.18)
with ps being the pressure downstream of the nozzle. To extract a geometri-
cally well defined atomic beam with an unperturbed motion a small skimmer
aperture must be placed behind the nozzle inside the zone of silence. For more
optimization, additional skimmers can also be placed between the different
pumping stages. This method was first proposed by Kantrowitz and Grey
[166].
In our experiments, a 2-stage supersonic gas jet (figures 3.12 and 3.13) is
used to produce a geometrically well defined and localized argon target. This
supersonic gas jet was produced by allowing the argon gas at a pressure of 10
bar and at room temperature (T◦= 300 K ) to expand downward through a 30
µm nozzle into a first vacuum chamber. The nozzle is made of stainless steel
and is mounted on a translational stage, which allows for the adjustment of
the nozzle position in the plane perpendicular to the atomic beam axis. The
nozzle was positioned always at the position that maximizes the pressure at the
dump section. After the expansion, the atoms move with a momentum of pjet
= 18.6 a.u. (equation 3.14) which corresponds to an energy of Ejet = p
2
jet/2mR
= 65 meV and a mean downward velocity of argon atoms of vjet = 560 m/sec
(equation 3.15). Using the experimental speed ratios measured for various
(p◦d) values by Braun et al [167], A speed ratio of about 30 is estimated [165]
for the parameters of our jet system. This implies an internal temperature near
0.83 K (equation 3.16) which corresponds to an average thermal energy per
atom of only 0.11 meV and a momentum spread of ± 0.76 a.u. for argon. The
inner jet fraction then passes through a narrow 0.3 mm diameter cone-shaped
skimmer into a second vacuum chamber. The pressure in this stage is about
1.1×10−5 mbar(see figure 3.14). The inner jet fraction passes through a second
0.6 mm diameter skimmer into the collision chamber yielding an atomic beam
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Figure 3.12: Schematic drawing of the 2-stages gas-jet used with the GSI reaction micro-
scope.
with a diameter 3.2mm at the intersection point with the projectile beam. The
collision chamber is maintained at a pressure of 1.4×10−7 mbar(see figure 3.14).
The target density at the intersection point in the target chamber is estimated
to be about 2.6× 1011 particle/cm3 which should be compared to the residual
gas density of ≈ 109 particle/cm3 (background contributes only ≈ 1% to the
total target density). Finally, the gas jet leaves the scattering chamber through
an opening on the opposite side of the target chamber into a jet dump pumped
by a separate turbo pump to reduce the argon residual gas pressure.
3.5.2 The Electron Detector
For time of flight (TOF) electron spectrometry with simultaneous vector mo-
mentum identification in our reaction microscope, a position sensitive detector
(PSD) which combines good position resolution (typically 0.1 mm) with good
time resolution (typically 1 nsec.) for singly arriving particles at high particle
flux and for particle showers (multi-hits) was essential. For this purpose we
have constructed a micro channel plate (MCP) detector with delay line po-
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Figure 3.13: Schematic drawing of the gas-jet dimensions.
sition encoding anode (figure 3.15). For a more complete overview on MCP
detectors see [151, 168]. The concept of such design is to decode the posi-
tion and arrival time of a particle by electronic pickup of the particle-triggered
electron avalanche exiting the MCP stack on a specially designed delay line
anode.
The following brief description shall give an overview of the detector used
in our reaction microscope and its advantages and limitations
The Micro Channel Plates
Three rimless channel plates of 80 mm diameter and 1.5 mm thickness
are used in the electron detector, supported by a pair of partially metallized
ceramic rings. Microscopically, a MCP consists of a dense stack of millions
of individual electron multiplier tubes, each having a diameter of typically 10
µm. The distance between the tubes is only a little bit bigger than the tube
diameter. The inside of the tubes is covered with a semi-conducting layer that
tends to emit secondary electrons under the bombardment of primary energetic
particles (electrons or recoil ions in our case). By biasing the MCP electrodes
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Figure 3.14: The measured pressure profile of argon at the different stages of the jet. The
residual gas offset is subtracted. Values for the pressure in jet stages 1 and 2 are multiplied
by 100. Note the increase in jet-dump pressure with increasing pressure in jet stages 1 and
2 while the corresponding pressure in the target chamber (lower part) remains unchanged.
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Figure 3.15: The position sensitive electron detector with a delay line position encoding
with a high voltage (typically 1 kV ), each of the secondary electrons gains
enough kinetic energy to liberate more electrons when it hits the wall. An
avalanche of electrons is forming along the tube and finally exiting the pore.
The duration of a single MCP pulse is of the order of 10−9sec and it may appear
that a single MCP channel could deliver around 109 distinguishable pulses per
second. But, the firing of a MCP channel represents a sudden discharge and
the channel needs a certain time to recover (recharging in the channel wall).
Typically, the recharge time is about 10−2sec which means that the maximum
pulse rate which can be delivered by a single MCP channel is therefore of the
order of ≤ 102 s−1.
The MCP’s of the electron detector used in this work are arranged in a Z
stack configuration (figure 3.16) which is a commonly used method of obtaining
high gain (106 − 107) output pulses. In Z stack configuration, channel axes
are biased at a small angle (∼ 8◦) to the MCP input surface and the plates
are oriented with respect to each other so that the channels slope in opposite
directions which provides sufficiently large directional change so as to inhibit
positive ions produced at the output of the rear plate from reaching the input
of the front plate (ion feedback). The Z stack configuration also exhibits high
saturated gains because of the multiplicity of channels excited in the back
MCP by a single channel in the front MCP.
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Figure 3.16: Schematic drawing of 3 MCP’s assembly in a Z-stack configuration
The MCP’s of the electron detector used in this work are operated with a
relative bias voltage∼ 2.4 keV. The bias voltage is applied slowly (50 V/sec) in
order to avoid damage to the electronic modules connected. A grid is mounted
in front of the first MCP and a small bias negative voltage (-20 V in this work)
is always put on the grid to repel stray electrons which are mostly very slow
electrons. The grid is made from stainless steel wire 0.03 mm in diameter
with mesh size 0.478 mm which corresponds to 88% geometrical transmission.
Due to the presence of the electric field which penetrates through the grid, we
expect the optical transmission of electrons to be larger than this value.
The Delay Line Anode
A delay line anode, (first suggested by Sobottka [150]), manufactured by
roentdek [169] was chosen as a read out for our detector because commer-
cial CCD systems lack the timing information whereas other electronic MCP
readout schemes usually suffer from low acquisition rate and complicated read
out electronics. The delay line method allows to exploite simultaneously: high
position resolution, high speed and high timing precision (see section 3.5.7).
The delay line method can also cope with particle showers (multi-hits) if com-
bined with multiple stop/start time to digital converters (TDC). Coincidence
technique also can be easily implemented.
The delay line anode used in our detector is composed of two crossed double
wire planes spirally wound over a copper plate in both x- and y-directions where
they are held with ceramic holders fixed on the edge of the copper plate in order
to isolate the wires from one another and from the copper plate (figure 3.17).
The distance is about 1 mm between wire planes and 1 mm between the copper
plate and the near wire plane [151]. Each wire plane consists of a pair of wires
with nearly 0.5 mm distance to separate them from each other. By a potential
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Figure 3.17: Delay-line anode for multi channel-plate position read out. The inner and
outer winding pair are for X and Y encoding. The two wires of each pair are on different
potential such that the electrons are collected on one of them.
difference of (50 - 100) volts between the two wires, the electron avalanche
produced by an electron hitting the channel plates is collected by one of the
wires. The wire pair acts as a lecher cable. At both ends of the double wire
spiral, the signals are processed by a differential amplifier. Both wires pick
up the same capacitively coupled noise, but their signals differ by the real
electrons from the charge cloud collected by the more positively biased wire.
The principle of this design is to measure the delay that a signal experi-
ences traveling on the spiral transmission line. A signal induced somewhere
on the delay line from a single charge cloud will propagate towards the four
ends. Each signal produced is picked up for further processing from the four
anode contacts, two for each dimension and from the MCP contact. For each
dimension, the corresponding ends of the delay line are located on the opposite
corners of the array and the respective position is directly proportional to the
time difference (t1 - t2) between the arrival times at the two ends of the line
measured with respect to a time zero which is in our case the moment when
an electron hits the MCP stack and gives rise to a signal at the MCP. The
time sum (t1 + t2) is a constant for all positions and equals the transmission
time of a signal over the whole delay-line anode, after subtracting additional
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cable delays.
The absolute position resolution of the delay line is limited by the timing
accuracy of the TDC, while the relative position resolution is only limited by
the digital range of the TDC and not by the signal to noise ratio.
The four wire pairs from both delay line ends of each dimension are con-
nected from the corner contacts of the anode to a CF35-12-pin-feedthrough
flange by a pair of parallel wires 0.1 mm in diameter running inside a double-
hole ceramic rod of 1.4 mm separation between the holes. this geometry cor-
responds to a lecher cable with impedance
Z =
120√
²
ln(
D
r
) ≈ 140 Ω (3.19)
where ² is the dielectric constant of the material between the two wires (ce-
ramic), r is the wire radius, and D is the wire separation. We have found that
this specific geometry of the anode signal transmission lines will result in the
best impedance matching and will produce the cleanest anode signal shapes.
The read out of the delay-line anode signals requires differentially ampli-
fying and constant fraction timing circuits. For this purpose a roentdek
[169] type DLATR6 module matched to our anode from the same manufac-
turer is used. The DLATR6 module consists of a 6-fold differential amplifier
with integrated constant fraction discriminator (CFD) circuit for each ampli-
fier channel. The DLATR6 module is connected to the delay line signals via
the CF35-feedthroughs by a special 8 pin cable.
The Transmission Lines
The design criteria of the reaction microscope requires the electron detector
to be able to move away from the measuring location when no experiment is
performed or during the beam optimization process before starting the data
acquisition. This technical problem is solved by mounting the detector inside
a movable spring bellow carried by a holder controlled electrically by a special
motor. From the geometry of the reaction microscope, this requires the MCP’s
to be ∼40 cm away from the vacuum feedthroughs. For this reason, the front
and back faces of the MCP’s are connected to the impedance matched vacuum
feedthroughs via specially designed transmission coaxial lines consisting of two
40 cm long coaxial stainless steel pipes of inner and outer diameters of 3 and 9
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mm respectively with the space between them filled with ceramic (Al2O3) pipe
of inner and outer diameters of 5, and 8 mm respectively. Such a design was
chosen to be UHV compatible (bakeable) and the dimensions were determined
using the formula:
Z =
60√
²
ln(
R
r
) (3.20)
where Z is the impedance of a coaxial cable, ² is the dielectric constant of
the material between the inner and outer pipes, R and r are the outer and
inner radii of the coaxial cable respectively. The inner pipes of the coaxials are
connected to the MCP’s using special metal spring clamps inserted between
the ceramic rings at positions with metallization contact pad. This design
fits with the requirements of ultra high vacuum (UHV) and proved to give the
best match of impedance and minimum reflections in the MCP’s timing signals
(see figure 3.18). The shape of the produced timing signals characterized by
a FWHM of about 6 nsec and a rise time of 5 nsec is an analog measure
of the ability of the used fast amplifier (see section 3.6.4) to respond to fast
MCP input signals. The amplifier response is primarily due to a delay in
voltage caused by the stray capacitance and inductance in the amplifier until
the steady state is reached. The voltages of the anode and the grid are also
supplied using the same kind of coaxial conductors.
It is noteworthy that, the timing signal from the MCP of the electron de-
tector is used throughout our work as a common start signal for the TDC, the
electron-recoil TAC, and the electron-projectile TAC.
3.5.3 The Recoil Ion Detector
A channel plate detector with wedge-and-strip position encoding has been used
in the reaction microscope for the detection of the position and arrival times
of recoil ions. A detector with wedge-and-strip read out is shown in figure
(3.19). The typical period of the structure is 1.4 mm. The electron cloud of
about 106 − 107 electrons created by avalanche amplification in the channels
are accelerated onto a high resistivity germanium layer evaporated onto a 1.5
mm ceramic plate [170]. The image charge is picked up on the backside of the
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Figure 3.18: Oscilloscope traces of two pulses out of the MCP of the electron detector
before(a) and after(b) using the special coaxial transmission lines of 40 cm length.
ceramic plate by the three areas of the wedge-and-strip structure. The area of
the wedges and stripes grows linearly with the X and Y position, respectively.
A proper adjustment of the resistivity and the thickness of the ceramic plate
assures that the image charge covers more than one structure. This is essential
to allow for a determination of the centroid of the charge cloud. For detailed
description of wedge and strip readout see [149].
A stack of two circular micro channel plates of 40 mm active diameter (66
mm outer detector diameter) arranged in chevron stack and supported by a
pair of ceramic rings are used in the detector. The MCP’s are mounted 40 cm
away from the vacuum feedthroughs for the same reason given for the electron
detector (section 3.5.2) and similar transmission lines are used. The MCP’s
are operated with a relative bias voltage ∼ 2.05 keV which is applied slowly
(50 V/sec, as in the case of the electron detector) in order to avoid damage to
the electronic modules connected.
The charge signals of the wedge, strip, and meander structures serve to de-
termine the position of the recoil ion; are amplified by charge sensitive pream-
plifiers and main amplifiers and finally recorded by analog to digital converters
(ADC). By normalizing the wedge and the strip signal to the total pulse height
one obtains the position of the centroid of the charge cloud (equations 3.21
and 3.22). The position resolution of the detector is mainly determined by
the signal to noise ratio of the three signals. Therefore a good pulse-height
resolution and high gain is desirable. For our detector, a position resolution of
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Figure 3.19: Channel plate detector with wedge-and-strip read out
1 mm is estimated [17]. The timing information in the detector is picked up
from the front side of the channel-plate stack and used as a stop signal for the
electron-recoil time to analog converter (TAC). The time resolution is limited
only by the electronics used usually to 0.5 nsec.
X ∝ Qstrip
Qstrip +Qwedge +Qmaander
(3.21)
Y ∝ Qwedge
Qstrip +Qwedge +Qmaander
(3.22)
3.5.4 The Multi-Hit System
In heavy ion induced ionization, more than one electron can be ionized from
the target or the projectile simultaneously. A ”multi-hit” is an event where
more than one particle, here electron, arrives on the MCP in a time period
shorter than the read-out time. While the MCP itself responds to such an
event with distinct charge clouds for each hit, the delay line detector and the
delay line wire system used in our electron detector can in principle detect and
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separate the signals of two electrons impinging on the detector in a very short
time difference within the limited time resolution of the system if they hit at
different positions. Whether the TOF and position for both fragments can be
determined depends only on the electronics used.
The LeCroy 3377 multi-hit TDC module we are using for this purpose repre-
sents the nucleus of our multi-hit system. This multi-hit TDC has 32 channels
and can process 16 hits per channel separated by at least 10 nsec in time with
a time resolution of 0.5 nsec. If two electrons hit the detector within 30 nsec,
i.e. the total signal processing time on the delay line, the x- and y-delay line
signals of the two particles interfere with each other. However, the sum of
the corresponding arrival times for each ion on opposite ends of a delay line is
constant for a true event because the delay line has always a constant length
for each signal pair. This information can be used in the analysis program
to sort the signals of all the particles according to their arrival time and thus
their position on the detector can be identified.
The delay-line electron detector and the delay-line wire system used in the
GSI reaction microscope can in principle detect and separate the signals of two
electrons impinging on the detector in a very short time difference (≤ 10 nsec)
if they hit at different positions.
3.5.5 Detection of Recoil Ions in the Reaction Micro-
scope
Recoil ions created at the intersection point of the gas jet with the ion beam
are extracted by a uniform electrostatic extraction field of 1.92 V/cm provided
over 22 cm along the beam (total voltage applied U = −42.2 V; potential at the
intersection point = −21.2 V ). After 11 cm of acceleration, recoil ions drift
over a field free region of 22 cm length; this geometry fulfills the condition of
time focusing (equation 3.9). Recoil ions are then post accelerated onto the
channel plates (∆V = −2050 V over 2 mm). The electron avalanche exiting
the MCP is then detected by the two dimensional position sensitive detector
(wedge and strip anode) of 40 mm active diameter. This detector is mounted
directly beneath the straight path of the projectile beam (see figure 3.10).
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The recoil ion TOF spectrum (see figure 3.20) contains two important pieces
of information. First, different ion species and different charge states can be
distinguished because they appear as well separated peaks in the TOF spec-
trum due to the dependence of the flight-time on the mass to charge ratio
(TOF ∝
√
m
q
). Second, the shape of these individual peaks reflects the differ-
ent starting longitudinal momenta folded with the electronic time resolution
function.
To illustrate this, we assume that ions of a certain mass and charge but
with zero initial longitudinal momentum appear after a flight-time to at the
detector. Then, for those ions which emerge with an initial velocity vector
pointing toward the detector the measured TOF will be shorter than to and
vice versa. Since the extraction field in the reaction microscope is homogenous,
it is possible to assign to each channel in the TOF spectrum the corresponding
recoil-ion momentum parallel to the beam direction using the relation [144]:
p|| =
qU
S
(to − t) (3.23)
where t is the actual TOF and S is the distance over which the ion of charge
q is accelerated to an energy of qU . This relation is valid for ions as long as
their initial kinetic energy is small compared to qU .
The momentum components perpendicular to the beam axis can be de-
termined from the position distribution (see figure 3.20) of counts on the
channel-plate ion detector. The transverse recoil ion momentum vector (p⊥)
is given by:
p⊥ =
√
p2x + p
2
y (3.24)
where px and py are given in the case of no position-focusing (present case)
by:
px =
m4x
t
(3.25)
py =
m4y
t
(3.26)
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Figure 3.20: Measured spectra for time-of-flight and position of impact coincident with
Ne4+ for the collision of Ne3+ with argon gas target. The start signal of a time to analog
converter (TAC) was generated by the detection of an electron by the electron detector,
while the stop signal was generated by the detection of an argon recoil ion (Arq+) by the
recoil ion detector. Here, we emphasize that the relative location of Ar2+ ions on the 2D
spectrum with respect to the location of Ar1+ ions is in excellent agreement with that
predicted mathematically from the parameters of our measurement.
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Ion Time of flight (TOF) Cyclotron time (T )
(µsec.) (msec.)
Ar1+ 45.7 2.48
Ar2+ 32.2 1.24
Ar3+ 26.3 0.83
Ar4+ 22.8 0.62
Table 3.3: Measured times of flight and cyclotron cycle for different argon charge states.
where 4x , 4y are the horizontal and vertical displacements on the detector
of the position of impact of the ion with respect to the position where an ion
with zero initial transverse momentum would hit the detector. Usually, the
downward velocity component of atoms leaving the jet (560 m/s previously
mentioned) will result in a downward displacement of the zero point. In prac-
tice the zero point in the direction of the jet is simply given by the center of
the peak, since the momentum distribution is rotationally symmetric around
the ion beam.
In conclusion, from both, longitudinal and transverse momentum informa-
tion for each detected ion, the trajectory can be reconstructed and the initial
momentum vector can be calculated unambiguously. Figure (3.20) shows the
measured recoil ion spectrum coincident with outgoing Ne4+ projectiles ob-
tained by the GSI reaction microscope for the collision of 3.6 MeV/u Ne3+
projectile beam with argon gas target. Beside the main peaks of the differ-
ent detected charge states (up to Ar4+) of argon, one can recognize in the
time spectrum the quite broad peaks of O+2 , N
+
2 , and H2O
+ originating from
ionization of the residual gas.
As a result of the presence of the uniform magnetic field of the Helmholtz
coils, recoil ions will move on spiral trajectories from the reaction volume to the
detector. The cyclotron time of a recoil ion is defined as the time needed for
one complete cycle in the applied magnetic field B, which is given by T = 2pi m
qB
.
Table (3.3) contains the measured times of flight (TOF) in the entire apparatus
and the cyclotron times for the different argon charge states.
Since recoil ions are accelerated to a high longitudinal momentum pz by
the electric field, the cyclotron time for recoil ions of more than 620 µsec for
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Figure 3.21: The small shift in the position of impact of Ar+1 ions as a result of the
magnetic field of the Helmholtz coils. The relative location of both peaks with respect to
each other can not here be described quantitatively sice they were collected during test
measurements at different settings of the vertical electric field.
different argon charge states under the above conditions is usually much longer
than their flight-times (table 3.3), indicating that the ion trajectories are only
weakly affected by the magnetic field of the Helmholtz coils. It basically results
in a slight rotation (≈ 6◦forAr1+ in the present work) of the ion image on
the recoil-detector, which can be easily compensated by a corresponding back-
rotation of the whole ion position distribution on the detector by few degrees.
The shift in position of Ar1+ ions due to the presence of the magnetic filed is
illustrated in figure (3.21) where it shows at the same spectrum the positions
of impact of Ar1+ ions on the detector with and without the magnetic filed.
3.5.6 Detection of Electrons in the Reaction Microscope
In fast ion-atom collisions, two different types of electrons are produced as a
result of the collision: low-energetic (slow) electrons originating from the ion-
ization of the target atom and high-energetic (fast) electrons originating from
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the ionization of the projectile ion. Slow electrons can be detected in the reac-
tion microscope by a projection technique analogous to the one discussed for
ions. Again, the position and time of flight (TOF) information allows an un-
ambiguous reconstruction of the initial electron momentum vector. Electrons
emerging from the collision are accelerated parallel to the beam direction into
the direction opposite to the recoil ions by the same electric field which accel-
erates the recoil ions. Under the effect of the small homogenous magnetic field
of the Helmholtz coils, electrons travel on spiral trajectories from the reaction
volume towards another 2D position sensitive micro channel plate electron
detector mounted at about 33 cm flight path with its center at the same hori-
zontal level as the ion beam; the center of the detector with 80 mm diameter is
horizontally displaced by 7 cm with respect to the beam axis to provide space
for the incoming ion beam to pass the electron detector without interfering.
In addition, this detector is mounted inside a movable feed-through (spring
bellow) controlled by a linear electric drive which enables the detector to be
moved far away from the beam line during the beam-focusing stage before
starting the experiment. This will prevent the beam from hitting directly the
detector which may destroy the MCP.
The same considerations as those for the recoils can be applied to recon-
struct the longitudinal momentum of electrons from the electron TOF. How-
ever, because of their high initial kinetic energies, the approximate equation
used for ions (equation 3.23) could not be used because the condition of validity
that the initial kinetic energy is small compared to qU is not satisfied.
In the transverse direction perpendicular to the field axis, the electrons are
affected by the Lorentz force of the applied homogeneous magnetic field given
non-relativistically by :
~F = e(~v× ~B) (3.27)
where ~v is the electron’s velocity, e is the electron’s charge, and B is the
strength of the applied magnetic field. As a result, electrons travel along a
circle with a cyclotron frequency
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ω =
2pi
T
=
eB
me
(3.28)
where me is the electron mass, and T is the cyclotron time needed for one
complete cycle given by T = 2pime
eB
which is the same for all electrons regardless
of their velocity. Under the operation conditions of our experiment, a cyclotron
time of 31 nsec is calculated. The radius of the electron’s circular path R
reflects the magnitude of its transverse momentum and is related to it as
p⊥ = e B R (3.29)
With a magnetic field set to 11.5 Gauss all trajectories of electrons with
transverse momentum up to 1.8 a.u. are confined to a cylinder with a radius
of 1.9 cm, independent of the electric field strength and independent of the
spectrometer geometry. Hence, a detector with 8 cm diameter is sufficient to
achieve a 4pi solid angle collection efficiency for all electrons with transverse
momentum of less than 1.8 a.u., i.e. in the range of typical electron transverse
momenta measured in the present experiment.
Electrons detected and collected by the electron detector are either high
energetic fast electrons resulting from the ionization of N3+ projectiles with
energy distribution centered around 1.975 keV, or low energetic slow electrons
resulting from the ionization of argon gas target atoms with energies less than
100 eV.
Under the operation conditions of our experiment, the average total time of
flight was about 161 nsec for slow electrons which corresponds to 5.2 complete
cycles and about 12.6 nsec for fast electrons which corresponds to 0.4 complete
cycles.
The time of flight of electrons was measured by means of coincidence with
the ionized projectiles Ne4+. The start signal of a time to analog converter
(TAC) was generated by the detection of an electron, while the stop signal is
generated by the delayed signal of the charge analyzed projectiles Ne4+. The
measured time of flight spectrum for both slow and fast electrons is shown in
figure (3.22)
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Figure 3.22: Electron time of flight spectrum for the ionization of Ne3+ measured in
coincidence with Ne4+ projectiles.
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Figure 3.23: Geometrical representation of the acceleration and drift regions of the ideal
path of electrons in the reaction microscope for ideally parallel field lines at the end of the
potential plates. No shielding grid is used.
Calculation of the longitudinal momentum of electrons
The methods described in the following paragraphs are adapted from [165].
Electrons emerging from the collision are accelerated parallel to the beam
direction for a distance of S = 11 cm, then they drift over a field free region
of D = 2S = 22 cm length towards the MCP detector (see figure 3.23). The
total time of flight (te) of a certain electron is a function of the longitudinal
component of its initial velocity (vi||) and can be written as a sum of the two
times of flight of the electron in the acceleration (ts) and drift (td) regions.
te(v
i
||) = ts(v
i
||) + td(v
i
||) (3.30)
the time of flight of the electron in the acceleration region (ts) can be related
to its acceleration a through the relation
S = vi||ts +
1
2
at2s (3.31)
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where a is given by
a =
eU
meS
(3.32)
substituting this value of a in equation 3.31 and rearranging, we find that ts
satisfies the quadratic equation
t2s + (
2meSv
i
||
eU
)ts − 2meS
2
eU
= 0 (3.33)
with the solution
ts = (
S
√
2me
eU
)[
√
1
2
mevi||
2 + eU −
√
1
2
mevi||
2 ] (3.34)
After using the mathematical identity x−y = x2−y2
x+y
with x =
√
1
2
mevi||
2 + eU
and y =
√
1
2
mevi||
2, we can write the final form of ts as
ts =
S
√
2me√
1
2
mevi||
2 + eU +
√
1
2
mevi||
2
(3.35)
Now, the longitudinal component of the electron’s velocity at the end of the
acceleration region (vf||) is related to its acceleration a through the relation
vf|| = v
i
|| + ats (3.36)
with the help of equations (3.32) and (3.34), this can be written as
vf|| =
√
2(1
2
mevi||
2 + eU)
me
(3.37)
in the drift region, the electron will maintain the same constant velocity vf||
and will cover the distance in a time td given by
td =
D
vf||
=
2S
vf||
(3.38)
using the result of equation (3.37), td can be written as
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td =
S
√
2me√
1
2
mevi||
2 + eU
(3.39)
substituting equations (3.35) and (3.39) in equation (3.30) we get
te(v
i
||) = S
√
2me[
1√
1
2
mevi||
2 + eU +
√
1
2
mevi||
2
+
1√
1
2
mevi||
2 + eU
] (3.40)
this expression can be written in a simpler form with the substitutions
X =
√
1
2
mevi||
2
eU
and τ =
te
√
eU
S
√
2me
(3.41)
which converts equation (3.40) into the form
τ =
1
X +
√
1 +X2
+
1√
1 +X2
(3.42)
which can be solved for X in terms of τ . The program ”Mathematica” [171]
was used [165] for this purpose and the result is written as
X = α +
β
τ
− γτ + δsin(τ) (3.43)
where α = −0.0430786, β = 1.50802, γ = 0.473918, δ = 0.255789
Finally, with the help of equation (3.41), the initial longitudinal momentum
of the electron (p|| = mev
i
||) can be calculated from
p|| = X
√
2meeU (3.44)
which enables to calculate the initial longitudinal momentum of the electron
(p||) by knowing its absolute time of flight. Values of the longitudinal momen-
tum of the electron calculated using this result were proved to be in agreement
with values produced by simulations made using SIMION [172] for the case of
ionization of helium by carbon projectiles [17, 165].
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Calculation of the transverse momentum of electrons
The methods described in the following paragraphs are adapted from [165]. To
calculate the electron’s transverse momentum vector, both pieces of informa-
tion, position and TOF, are required. This can be illustrated with the help of
figure (3.24) which represents the projection of an electron trajectory onto the
electron detector surface, i.e. onto a plane perpendicular to the magnetic field
axis. The origin, point [Xo, Yo], represents the point of intersection of the ion
beam with the gas-jet. In practice this zero point is simply given by the cen-
ter of the target electrons distribution on the 2D electron spectrum since the
momentum distribution of target electrons is rotationally symmetric around
the magnetic field axis. An electron, which is emitted at the origin with initial
transverse momentum pi⊥ under a certain angle ϕ with respect to the positive
x-axis travels on a spiral trajectory, corresponding to a circle of radius R in
the transverse plane, before it hits the detector at the point [X1, Y1] with a
certain displacement r from the center.
The radius R is a direct measure of pi⊥ (see equation 3.29) while the angular
displacement ωte depends only on the electron TOF. From simple geometrical
considerations one gets
sin(
ωte
2
) =
r
2
R
(3.45)
If the electron performs more than one complete turn, ωte has to be replaced
by (ωte − 2piN) where N (number of full turns) is the next lowest integer of
the ratio (ωte
2pi
). Using ω = 2pi
T
in equation (3.45) and rearranging we get
R =
r
2|sin( te
T
pi)| (3.46)
with the help of equation (3.29) and B = 2pime
eT
, we end up with
p⊥ =
pirme
Tsin( te
T
pi)
(3.47)
Thus, the magnitude of the transverse momentum p⊥ can be calculated
from the distance between the point of detection and the origin
r =
√
(X1 −Xo)2 + (Y1 − Yo)2 (3.48)
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Figure 3.24: Projection of an electron trajectory onto a plane perpendicular to the mag-
netic field. The radius R is given by equation (3.29). Point [Xo, Yo] represents the point of
intersection of the ion beam with the gas-jet.
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in cylindrical coordinates, and the electron time of flight te. Still, the as-
signment of measured quantities and initial momentum is unique, as long as
the denominator in equation (3.46) is larger than zero. Whenever electrons
perform exactly N complete turns they hit the detector at the origin [Xo, Yo]
(see figure 3.24) independent of their initial transverse momentum or, in other
words, all electrons with flight-times equal to a multiple integer of the cyclotron
time are focused onto the same spot on the detector and no momentum infor-
mation is obtained.
The emission angle ϕ can be related to the angle of detection θ = arctan ( Y1−Yo
X1−Xo )
with the help of figure (3.24) as follows: the angle γ between the emission an-
gle ϕ and the direction of the point of detection θ is equivalent to ωte−2piN
2
; γ
increases by 180o with every complete turn. This can be expressed in terms of
the modulus function (The modulus function mod[x,y] returns the remainder
after x is divided by y) as
γ = mod[ (
180te
T
), 180 ] (3.49)
then the angle ϕ can be expressed also in terms of the modulus function as
ϕ = mod[(θ − γ), 360] (3.50)
with the knowledge of r and ϕ, the transverse momentum vector is determined
and can be expressed in terms of its components
p⊥x = p⊥ ¦ cos(ϕ) (3.51)
p⊥y = p⊥ ¦ sin(ϕ) (3.52)
3.5.7 Momentum Resolution
The methods described in this entire section follow closely references [17, 165].
The actual momentum resolution which can be reached for electrons and recoil
ions in the reaction microscope depends on the different parameters of the
microscope and the data acquisition system. In the following two subsections,
the momentum resolution achieved in the GSI reaction microscope is discussed.
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Momentum Resolution for Recoil Ions
The resolution of the measured recoil-ion momentum in the reaction micro-
scope depends mainly on the momentum spread of the target gas, the position
resolution of the used detector and, to a smaller extent, the size of the in-
teraction target volume. As mentioned earlier (section 3.5.1), the estimated
speed ratio for our jet system is about 30 which means an internal tempera-
ture near 0.83 K which corresponds to an average thermal energy per atom of
only 0.11 meV. This is equivalent to a momentum spread in the jet direction
of ∆pthermaly = ± 0.76 a.u. for argon. The momentum spread of the target
gas in the plane perpendicular to the jet direction, the x- and z-directions as
indicated in figure (3.10), depends on the distance between the nozzle and
the skimmer and the diameters of both. For the gas-jet used in our reaction
microscope, a momentum spread of ∆pthermalx = ∆p
thermal
z ≈ ± 0.12 a.u. was
estimated [165] in the case of helium which can be scaled to a momentum
spread of ∆pthermalx = ∆p
thermal
z ≈ ± 0.38 a.u. for argon as it scales with the
square root of the atomic mass (p ∝ √m).
In our experiment, the ion beam was collimated to a cross section of about
1.2 mm × 1.1 mm (horizontal×vertical) and the position resolution of the
detector used (wedge & strip anode) is about 0.5 mm [17, 165] which leads to
a combined uncertainty in the position of
∆X ≈
√
1.22 + 0.52 = 1.30 mm (3.53)
∆Y ≈
√
1.12 + 0.52 = 1.21 mm (3.54)
which will in turn result in a momentum uncertainty of
∆ppositionx =
m∆X
t
= 0.95 a.u. (3.55)
∆ppositiony =
m∆Y
t
= 0.88 a.u. (3.56)
where the channel width in the time of flight
∆t =
time window of the TAC
no. of channels in the ADC
=
50 µsec
3840
= 13 nsec (3.57)
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represents the upper limit in the relative error in the determination of the recoil
ion (Ar1+) time of flight of ∆t
t
≤ 13 nsec
45.7 µsec
= 0.03% since one can determine
the centroid of a peak in the time spectrum with more precession than the
channel width by fitting. This error is relatively small and can be ignored in
the calculation of the uncertainty of the transverse momentum components.
Now, the total uncertainty in both transverse directions is given by:
∆ptotalx =
√
0.382 + 0.952 = 1.02 a.u. (3.58)
∆ptotaly =
√
0.762 + 0.882 = 1.16 a.u. (3.59)
and the entire uncertainty in the transverse momentum is
∆p⊥ =
√
1.022 + 1.162 = 1.54 a.u. (3.60)
In the longitudinal direction, along the projectile direction, (i.e. z-direction),
in addition to the previously mentioned thermal spread of the target gas, the
momentum resolution is also a function of the spectrometer parameters. Ac-
cording to equation (3.23), the longitudinal momentum resolution is a function
of the relative error in the time of flight (∆t/t = 2.8× 10−4), the relative error
in the length of the acceleration distance (∆S/S = 0.5 cm/11 cm = 0.045), and
the relative error in measuring the applied potential (∆U/U = 0.1 V/42.2 V =
0.002)
∆pspec.z /p
spec.
z =
√
(2.8× 10−4)2 + 0.0452 + 0.0022 = 0.045 (3.61)
for example, for a recoil ion with 3 a.u. of longitudinal momentum
∆pspec.z = 3× 0.045 = 0.135 a.u. (3.62)
and the entire longitudinal momentum resolution can be given by
∆p|| =
√
0.382 + 0.1352 = 0.40 a.u. (3.63)
From the previous discussion, one can see that the factors contributing most
to the recoil ion momentum resolution are the target gas used, the thermal
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spread of the target gas, and the beam size, which means that the momentum
resolution can be improved by pre-cooling the target gas and focusing the ion
beam to the smallest possible size. In a recent experiment [165], a helium
target was used and better momentum resolution, ∆p⊥ = 0.44 a.u. and ∆p|| =
0.13 a.u., for helium recoil ions was achieved.
Momentum Resolution for Electrons
The momentum resolution for electrons does not depend on the thermal spread
of the gas jet because of their high speed compared to the speed for the re-
coil ions. In addition, the calculation of the electron’s longitudinal momen-
tum resolution is more difficult since the electron’s longitudinal momentum
is related nonlinearly to its time of flight (section 3.5.6). The smaller the
longitudinal momentum of the electron and the larger the time of flight, the
better the momentum resolution and vice versa. For a target electron with
p|| < 0.5 a.u., a momentum resolution of only ∆p|| ≈ 0.02 a.u. was estimated
for our reaction microscope, while a momentum resolution of ∆p|| ≈ 0.08 a.u.
is estimated in the case of an electron having p|| < 3 a.u.. These values
were estimated using error propagation rules together with equations (3.41,
3.43, and 3.44) using (∆te = 1 nsec, ∆S/S = 0.5 cm/11 cm = 0.045, and
∆U/U = 0.1 V/42.2 V = 0.002).
In the case of the projectile electrons with their high energy the effect of the
accelerating potential can be neglected and the longitudinal momentum of the
electron depends linearly on the time of flight (p|| = me
flight distance(33 cm)
te
).
The time resolution of 0.5 nsec of the TDC used (Lecroy 3377) results in a
longitudinal momentum resolution of ∆p|| ≈ ±0.48 a.u. for the projectile
electrons having 12 a.u. of longitudinal momentum.
The resolution power for the transverse momentum of an electron depends
strongly on its time of flight te and the displacement r of its point of detection
on the detector from the center of its circular trajectory (equation 3.47). The
best transverse momentum resolution is achieved at maximum dicplacements
(when te = (n +
1
2
)T, n = 0, 1, 2, ........) while at r = 0 (when te = nT, n =
1, 2, 3, ......) no momentum information can be obtained. This means also that,
for electron transverse momenta, a smaller magnetic filed will be favorable and
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allow the electron to move with larger radius and thus give better momentum
resolution. For example, the radius of the circular trajectory of an electron with
0.5 a.u. of transverse momentum under the 11.5 Gauss magnetic field as in the
course of the present work will be ≈ 5 mm. The displacement of the electron
from the center varies between r = 0 and r = 10 mm. The estimated momen-
tum resolution at the maximum displacement in this case is ∆p⊥ ≈ 0.09 a.u. es-
timated with the help of error propagation rules together with equations (3.10
and 3.47) using ∆te = 1 nsec, ∆B/B = 0.05 Gauss/11.5 Gauss = 0.0043,
and ∆r/r = 0.5 mm/10 mm = 0.05.
In the case of the projectile electrons, the time of flight has a narrow dis-
tribution around the average of 12.6 nsec which corresponds to 0.4 complete
cycles (see section 3.5.6). This means that all projectile electrons will hit
approximately at the same displacement from the center and the momentum
resolution is independent of the initial electron momentum, which is estimated
to be ∆p⊥ ≈ 0.43 a.u. in our case.
From the previous discussion, we see that using smaller extraction poten-
tials will result in longer flight times and thus better momentum resolution.
Similarly, smaller magnetic fields will result in larger radius of the spiral trajec-
tory of electrons and thus better momentum resolution. But, it is noteworthy
that, the same factors that improve the momentum resolution will, at the
same time, reduce the spectrometer acceptance (detection efficiency) for the
slow and fast electrons, target and projectile electrons. In the present experi-
ment, a simultaneous detection of target- and projectile-electrons was carried
out, which required the use of compromise values for the electric and magnetic
extraction fields. In a recent experiment [165], only target electrons were de-
tected and better momentum resolution was achieved (∆pe−target|| = 0.01 a.u. at
p|| = 0.5 a.u. , ∆p
e−target
|| = 0.06 a.u. at p|| = 3 a.u. and ∆p
e−target
⊥ = 0.02 a.u.
at p⊥ = 0.5 a.u.).
At higher beam energies (> 4 MeV/u), projectile electrons will have higher
and higher speeds and it becomes hardly possible to map the slow- and fast-
electrons onto the same detector, i.e. a small magnetic field of the Helmholtz
coil will not be enough to guide fast electrons towards the detector. To extend
the 4pi detection efficiency of the reaction microscope to higher electron ener-
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gies, a separate spectrometer with independent extraction parameters should
be used, which was the motivation for building our magnetic spectrometer to
be combined with the reaction microscope in the close future to enable the
simultaneous detection of target- and projectile-electrons and the detection of
recoil ions at high beam energies with good momentum resolution.
3.5.8 First Results From the Present Reaction Micro-
scope
We have used the present reaction microscope to perform a study of the simul-
taneous target and projectile ionization. The experiment was performed using
a 3.6 MeV/u (vp = 12 a.u.) stripped and charge analyzed Ne
3+ beam from
the UNILAC. A well localized argon target was provided by the double stage
supersonic jet. The charge state was analyzed after the collision and Ne4+,
the up charged projectiles, were recorded by a fast scintillation detector (more
details in section 3.5).
3.6 (MeV/u) Ne3+ + Ar ⇒ Ne4+ + Arq+ + e−fast + e−slow
Energy distribution of slow (target) electrons
The electron-projectile time spectrum of figure (3.22) was calibrated before
the measurement and each channel can be transformed to the corresponding
electron time of flight according to
TOF (nsec) =
2896.67− channel number
0.76389
(3.64)
The electron time of flight obtained for each channel is converted into
the corresponding electron momentum (according to the discussion of section
3.5.6) from which the electron energy can be calculated (E = p2/2m).
The resulting single differential electron emission cross sections (integrated
over all emission angles) for the argon single ionization (dσ/dE) are displayed
in figure (3.25). A possible maximum is observed at electron energies of about
8 eV. The differential cross section decreases rapidly above the maximum and
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Figure 3.25: Single differential electron emission cross section for argon single ionization
(dσ/dE) in collisions with 3.6 MeV/u Ne3+. The relative statistical error in the cross
sections is represented by the error bars while the uncertainty in the electron energy is
directly related to the momentum resolution discussed in details in the text (section 3.5.7).
falls off by a factor of 10 at Ee ≈ 60 eV. A similar behavior has been observed
for the pure single target ionization in 3.6 MeV/u Ni24+ on He collisions [111]
and for 1 MeV/u O8+ on He collisions [173].
Longitudinal momentum distribution of slow electrons and recoil
ions
Figure (3.26) shows the longitudinal momentum distributions for Ar1+ recoil
ions and low energy electrons ionized out of argon during simultaneous sin-
gle ionization of the projectile (Ne3+ → Ne4+). The low energy electron
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emission is not nearly isotropic as expected for the present small perturba-
tion with a Sommerfeld parameter q/v = 0.25 but unexpectedly exhibits the
same strong forward asymmetry for low energy emission as observed for pure
single ionization in strong perturbation by the 3.6 MeV/u Ni24+ projectile
with a Sommerfeld parameter q/v = 2 [111]. The slow electron longitudinal
momentum distribution has a peak at a small positive value of longitudinal
momentum and electrons are emitted predominantly in the forward direction,
i.e. the direction of the outgoing projectiles.
The calibration of the recoil-ion TOF, i.e. the absolute determination of the
longitudinal recoil-ion momenta has been performed utilizing the momentum
conservation in the longitudinal direction (in atomic units):
pR|| =
Q+ Epe + E
T
e
vp
− pe|| (3.65)
where Q is the total energy loss of the projectile, vp is the incoming projectile
velocity of 12 a.u., pe|| is the longitudinal momentum of the target-electron, and
Epe and E
T
e are the continuum energies for the projectile- and target-electrons
respectively. At large projectile velocities and for small ionization potentials
(0.57 a.u. for Ar) as well as continuum electron energies (typically about 1
a.u.), the first two terms are negligibly small and equation (3.65) reduces in
good approximation to
pR|| + p
e
|| ≈ 0 (3.66)
Since the longitudinal momenta of the recoil-ion and the electron are mea-
sured in each single event, the sum-momentum (left hand side of equation 3.66)
should result in a sharp peak. For this reason, the time of flight of the ion with
zero initial longitudinal momentum, t◦ in equation (3.23), is chosen in our case
to be the one which minimizes the sum-momentum pR|| +p
e
|| . The resulting recoil
ion longitudinal momentum distribution shown in figure (3.26) has a peak at a
small negative value of longitudinal momentum leading to the conclusion that
recoil ions are emitted predominantly back to back with respect to the direc-
tion of emission of slow electrons. These two distributions are related through
the conservation of momentum of the slow electron, recoil ion, projectile, and
the projectile electron (equation 3.67). This behavior is similar to that found
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Figure 3.26: The longitudinal momentum distributions for Ar1+ recoil ions and low energy
electrons ionized out of the target during simultaneous single ionization of the projectile.
The relative statistical error in the cross sections is represented by the error bars while the
uncertainty in the longitudinal momentum is discussed in details in the text (section 3.5.7).
for the pure single target ionization in the collision of 3.6 MeV/u Ni24+ pro-
jectile and He target by the CTMC (Classical-Trajectory Monte Carlo) theory
[111] and by the CDW-EIS (Continuum Distorted Wave–Eikonal Initial State)
theory [174]. Moreover, the half width (FWHM ) of the electron distribution
(1.81 a.u.) is clearly larger than that of the corresponding recoil distribution
(1.32 a.u.) and appears to mirror the momentum fraction inferred for the
projectile electron.
The ionization of the Ne+3 projectile is a result of the interaction between
a projectile electron with the argon nucleus (e-N ) or with an argon electron
(e-e). The two different mechanisms can be distinguished according to their
different kinematics. If (e-N ) interaction leads to the ionization of the Ne+3
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projectile, the argon nucleus plays the active role, whereas the argon electrons
remain at rest and act as spectators and can only be ionized due to second
order process. In this case, the momentum transferred to the recoil argon ion is
expected to be bigger than the one transferred to any target electron. If (e-e)
interaction leads to the ionization of the Ne+3 projectile, an argon electron
plays the active role, whereas the recoil argon ion stays at rest and acts as
a spectator. In this case, the energy of the active argon electron relative to
the Ne+3 projectile (Ee =
1
2
mev
2
p) has to be larger than the lowest ionization
potential of the Ne+3 ion. Here, the momentum transferred to the argon
electron is expected to be bigger than the one transferred to the recoil argon
ion.
Calculations [87] indicate that the (e-e) interaction dominates the cross
section for projectile ionization at large impact parameters since the nuclear
potential of the target, which might cause ionization of the projectile in an
(e-N) interaction, is effectively screened by the target electrons. The condition
of simultaneous projectile and target ionization emphasizes the small impact
parameter region so that for q/v=0.25 the electron nucleus (e-N ) and the
electron-electron (e-e) channels both contribute with similar strength to the
simultaneous projectile and target ionization.
Longitudinal momentum distribution of Ne4+ projectiles
For the inspection of the projectile longitudinal momentum change, the sum
of the low energy electron and the recoil ion longitudinal momenta is drawn
(figure 3.27). The resulting distribution is a sharp peak with its center close
to zero. According to the conservation of momentum (equation 3.67) this sum
represents also the longitudinal momentum change for the projectile and the
projectile-electron
pR|| + p
e−target
|| = −(∆pp|| +∆pe−proj|| ) (3.67)
it follows that recoil and low energy electron longitudinal momentum change is
compensated by the momentum change of the projectile and of the projectile-
electron.
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The sharp distribution (small momentum change of the projectile and the
projectile electron) indicates that the longitudinal momenta of the argon atom
fragments (the slow electron and the Ar1+ recoil ion) are much larger than the
net momentum transfer to the argon atom by the projectile. The atom seems to
dissociate in the strong, long-ranging projectile potential. This means that, the
slow electron longitudinal momentum is not balanced, as might be expected,
by the longitudinal momentum change of the projectile or the longitudinal mo-
mentum change of the projectile electron but mainly by the backward recoiling
of the Ar1+ ion, i.e. no participation of the projectile momentum which only
provides energy to the electron.
The measured width (FWHM) is 1.31 a.u. and thus 6 times larger than
that found for pure single target ionization at the same collision velocity using
He target [111]. The difference is partly due to the larger momentum spread
(± 0.38 a.u.) of the Ar target in the longitudinal direction, i.e. the z-direction,
compared to that of He (± 0.05 a.u.) and partly due to the momentum dis-
tribution for the electrons ionized out of the projectile which is assumed to
be comparable or larger than that measured for the ionized target electrons
because the Compton profile of electrons in Ne3+ (EB ≈ 106 eV ) is larger
than that for Ar (EB ≈ 16 eV ) . The collision system will be revisited with
more detailed investigation of the (e-e) channel.
3.6 The Imaging Forward Electron Spectrom-
eter
As mentioned earlier, in order to perform forward electron spectroscopy at
high near relativistic energies, it was necessary to build an independent mag-
netic spectrometer to guide fast electrons emitted into a narrow cone around
the beam direction onto a position sensitive detector and which allows recon-
structing the initial momentum of the fast electrons. The design criteria for
the construction of the instrument were:
a) Separate electrons from the flood of secondary products with minimum
interference with the circulating ESR beam.
b) Analyze electrons emitted in a direction near 0◦ close to the beam over a
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Figure 3.27: The sum of the low energy electron and recoil ion longitudinal momenta.
wide range of momenta including velec. = vproj. up to specific projectile energies
of 400 MeV/u.
c) In the non-position sensitive mode a momentum resolution ∆p/p = 10−3
is desired.
d) In the position sensitive mode, permit reconstruction of the collision
plane of the ionization event in the target zone after momentum analysis of
electrons.
The ”MIRKO” code [175] was used for beam trajectory calculations and
simulations to achieve an accepted mapping of the electrons from the target
zone onto the 2D position sensitive detector (see figure 3.28). The design
chosen is a dipole-quadrupole triplet-dipole type and covers a solid angle of
4 × 10−4 sr. A schematic of the electron spectrometer is shown in figure
(3.29). A 60◦ magnetic dipole of bending radius 200 mm, with an aperture
of vertically 100 mm and horizontally 250 mm as required by the ESR beam
optics, is mounted 940 mm from the target zone and immediately downstream
of the target chamber is followed by a magnetic quadrupole triplet of 80 mm
aperture and a second 60◦ magnetic dipole identical to the first one. This is
followed by a pair of horizontal momentum defining slits, then a 2D position
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Figure 3.28: Trajectory of electrons in the spectrometer following MIRKO simulations.
sensitive multi-hit capable electron detector mounted in the focus (131.5 cm
downstream) of the second dipole magnet 40 cm downstream of the momentum
defining slits.
It deserves attention that the first 60◦ dipole magnet of the spectrometer
which transports the electrons out from the beam line also may deflect the
circulating ion beam. The deflection angle for the ion beam was calculated to
be small enough that it can easily be corrected by the two nearest horizontal
correction elements installed in front of the next main dipole magnets. More-
over, if small angular misalignments in the target section (of order 0.1 mrad)
are acceptable, the ring can even be operated without the horizontal ion beam
correctors [176].
Two correction coils are mounted vertically at both sides of the electron
beam line just downstream of the quadrupole triplet to compensate for the
small vertical deflections experienced by the electron beam in the earth mag-
netic field. The current in the correction coils is supplied by an independent
power supply and can be remote-controlled from the outside of the ESR ring
during the experiments.
The above mentioned geometry of the spectrometer restricts the geometrical
solid angle acceptance to ∆Ω/4pi = 1.8 × 10−4 which corresponds to a cone
of half opening ≈ 1.5◦. The electron energy acceptance of the spectrometer
can be discussed with the help of figure (3.30) which represents the electron
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Figure 3.29: A schematic drawing of the forward electron spectrometer in the ESR storage
ring.
detection angle in the lab system as function of the electron emission angle in
the projectile system at beam energy 90 MeV/u (present work) for a set of
electron emitter frame energies of 1, 10, 40, 50, and 100 eV. The spectrometer
is set to record electrons emitted within a cone of half angle ≈ 1.5◦ centered on
the forward direction which means -according to the figure- that all electrons
with emitter-frame energies up to almost 40 eV will be mapped onto the
detector with the entire azimuth (4pi detection efficiency).
The spectrometer can be operated in different modes. In the telescopic
mode, with magnification |Mx| = |My| = 1, the spectrometer maps the az-
imuthal distribution of electrons emitted by the projectile in the target zone
below the jet and image it onto the 2D position sensitive detector. In this mode
angular distributions of autoionizing states and anisotropies of electron capture
to continuum (ECC) and electron loss to continuum (ELC) can be measured,
e.g. angular distributions of autoionizing Rydberg states of the projectile up
to very high n > 100 near the continuum threshold are now accessible in high
resolution due to relativistic kinematics.
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Figure 3.30: Electron detection angles as function of electron emitter-frame emission
angles at 90 MeV/u for electron emitter-frame energies 1, 10, 40, 50, and 100 eV.
3.6.1 Commissioning of the Spectrometer
In relativistic collisions a large flood of secondary products can be generated
in the beam tube besides electrons ionized from the collision partners. The
characteristics of the low energy spectrum of these secondary particles pro-
duced in the ESR target zone and emitted into the forward direction has never
been determined and is currently not known [154]. As the current 2D po-
sition sensitive detector in the spectrometer is not measuring the energy of
the detected particles, it was imperative to show first that the spectrometer
is suppressing the intense beam-induced background and is only transmitting
electrons of selected momenta onto the detector. During the commissioning
phase of the spectrometer we have replaced the 2D position sensitive detector
temporarily with an energy analyzing Si(Li) detector for independent analysis
of the energy of electrons and for identification of other particles potentially
transmitted through the spectrometer. The Si(Li) detector was attached to the
spectrometer in the focus of the second dipole magnet. The reaction studied
in this step of the commissioning phase was the collision of
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(392 MeV/u) U89+(1s22s1) + N2 → U90+(1s2) + ecusp + target fragments
The spectrometer was tuned to a current for which, according to optics
calculations, it only passes electrons with the momentum of a cusp electron,
i.e. electrons moving at the same velocity as the projectiles, where the cusp
energy Ecusp is given by
Ecusp = (
me
Mproj
)Eproj = 215 keV (3.68)
Particles exiting the spectrometer traverse the 25 µm Iron (Fe) exit window
of the spectrometer and the 100 µm Beryllium (Be) entrance window of the
Si(Li) detector.
The energy spectra of the Si(Li) detector for all detected counts (singles)
and for counts detected in coincidence with the up-charged U90+ projectiles
(loss channel) were found to exhibit a peak at an energy of 125 keV (figure
3.31). The observed shift of the measured peak energy from the anticipated
energy of 215 keV for electrons to 125 keV is due to the energy loss expected
for electrons passing through the Iron window (∆E ≈ 37 keV ), the air gap
between the two windows (∆E ≈ 6 keV ), and the Beryllium window (∆E ≈ 48
keV ). We could verify from the resulting spectra that the spectrometer very
efficiently suppresses the flood of secondary products generated in the collision
and we emphasize that almost all electrons appear in coincidence with the
charge changed U90+ projectiles. This means that a nearly background free
identification of cusp electrons can be achieved.
Additionally, a measurement of the 0◦ binary encounter electron emission
was performed also during this commissioning phase of the spectrometer us-
ing the same detector configuration as above. The collision studied is (132.8
MeV/u) U89+ + N2 . Count rates exceeding 2500 s
−1 were seen and the re-
sulting spectrum (figure 3.32) exhibit a peak maximum at electron momentum
p=174 a.u. in close agreement with p = 173 a.u. found from 2-body relativistic
kinematics. The width of the peak ∆p/p = 7.5% (FWHM ) reflects the mo-
mentum resolution of the instrument which depends on the operational mode
and the image aperture which was left completely open during commissioning
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Figure 3.31: Comparison of energy spectra of cusp electrons detected with the Si(Li)
detector behind the D-QT-D magnetic forward electron spectrometer.
runs.
In summer 2004, the electron spectrometer was equipped with a 2D position
and time sensitive detector with multi-hit capability. In a first experiment with
the 2D position sensitive electron detector we have measured forward electron
emission from Li-like (98.2MeV/u) U89+ + N2 for electron energies between 16
keV and 280 keV, e.g. from well below the Cusp (at ≈ 54 keV ) to beyond the
Binary Encounter. The spectrometer was operated in a quasi multi scaling
mode: for each measurement cycle in intervals [pmin, pmax], the two dipole
magnetic field values (Bmin and Bmax), the corresponding quadrupole lens
currents, the correction coil current, and the number of steps from Bmin to
Bmax used to execute one cycle are set in correspondence to minimum and
maximum momentum of electrons to be transmitted from the target zone to
the 2D electron detector. After each measurement for a pass momentum pn
(between pmin and pmax) with a certain number of fillings of the ESR with
beam extracted from SIS all spectrometer parameters are stepped to the next
filling pn+1. This stepping was initiated manually every time before a new
series of fillings of the ESR is requested.
Electrons were detected in coincidence with the single projectile electron
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Figure 3.32: 0◦ binary encounter electron spectrum for 132.8 MeV/u U89+ + N2.
loss channel U90+. The spectrum is dominated by electrons ionized from the
projectile into its low energy continuum by interactions with either the target
nucleus or the target electrons. Figure (3.33) shows the resulting electron loss
to continuum cusp. The observed width of the cusp ∆p/p = 19% (FWHM )
is very large compared to the 1.9% theoretical momentum resolution of the
spectrometer found using the MIRKO software. Apparently, this large width
is caused by inappropriate settings of the focusing lens of the spectrometer.
3.6.2 The Electron Detector
A two dimensional position and time sensitive multi-hit capable electron de-
tector with micro channel plate (MCP) and delay line anode configuration
identical to that used in the reaction microscope (see section 3.5.2) was con-
structed and used for electron detection in the forward electron spectrometer.
The electron detector is mounted 131.5 cm downstream of the second dipole
magnet behind the momentum defining slits. The detector is mounted inside a
spring bellow carried by a movable holder that runs on special rails (figure 3.34)
to enable it to move away from the measuring position when required.
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Figure 3.33: ELC cusp coincident with U90+ in (98.2 MeV/u) U89+ + N2. The dis-
tribution is peaked at electron longitudinal momentum p ≈ 64.56 a.u. corresponding to
electrons traveling with the projectile velocity. The observed width of the cusp is ∆p/p
= 19% (FWHM ). The electron relative momentum (p/p◦) scale appears at the top of the
figure.
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Figure 3.34: The electron detector mounted in the ESR inside a spring bellow carried by
a movable holder.
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3.6.3 The X-ray Detector
For the detection of photons, we have used in our experiment an Eurisys
n-type planar germanium Ge(i) semiconductor detector mounted at an obser-
vation angle of 90◦ with respect to the beam direction (see figure 3.7). The
primary advantage of semiconductors over other detectors is the small average
energy needed to create charge carriers (electron-hole pairs mentioned later).
For the same radiation energy, the number of electron-hole pairs created is
approximated to be almost an order of magnitude greater in semiconductors
than in gases [177].
The Ge semiconductor detectors are commonly used for measuring the X-ray
spectra. However, the spectrum obtained with a Ge detector is an absorption
spectrum since Ge is efficient as a photon absorber. In general, the germanium
detector, similar to other semiconductor detectors, is a large reverse-biased p-n
junction diode. At the junction between the p-type and n-type material, the
migration of electrons from the n-type material and holes from the the p-type
material gives rise to a region of net zero charge. This region is the depletion re-
gion. The net positive charge on one side of the junction, and the net negative
charge on the other side, sets up an electric field gradient across the depletion
region. Any photon interacting with the germanium crystal through any pro-
cess like Compton scattering, Photoelectric effect, Pair production, ...etc, will
produce electron-hole pairs in the depletion region, which will then be swept to
the edges of the detector because of the electric field gradient, constituting an
electric current. The photon energy required to create an electron-hole pair in
Ge is approximately 3 eV, thus an incident photon, with an energy of several
hundred keV, produces a large number of such pairs, leading to good detection
efficiency and low statistical fluctuations.
The major characteristics of the Ge(i) detector we have used are listed in
table (3.4). The Ge(i) detector is usually operated at a temperature of around
77 K, in order to reduce noise from electrons which may be thermally excited
across the small band gap in Ge (0.67 eV ) at room temperature. This is
achieved through thermal contact of the Ge crystal with a dewar of liquid
nitrogen.
Photons entering the Ge(i) detector traverse the 200 µg/cm2 Beryllium
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Operating high voltage -3000 volt
Polarity NEGATIVE
Measured resolution 0.75 keV at 122 keV
and 1.75 keV at 1332 keV
Measured relative efficiency 7.8% at 1332 keV
Crystal external diameter 50 mm
Crystal length 20.5 mm
Crystal surface area 20 cm2
Crystal distance from cap 5 mm
Crystal dead layer ≤ 0.5 µGe
End cap diameter 80 mm
End cap length 80 mm
End cap thickness ≤ 0.3 mm
Entrance window Be (200 µg/cm2)
Preamplifier Type PSC 821
Table 3.4: Characteristics of the Germanium detector used in this experiment.
entrance window of the detector. The attenuation suffered by photons due to
the presence of the beryllium window is estimated to be very small and can
be neglected according to
I(x)
I◦
= exp(−µx) = 0.999969 (3.69)
where I◦ is the incident beam intensity, I(x) is the outgoing beam intensity, µ
is the mass attenuation coefficient ( = 0.28749 cm−1 for Be at 50 keV ), and
x is the thickness of absorber (=1.08 × 10−4 cm for the beryllium window).
In general, beryllium is considered to be nearly 100% transparent for photons
having energies more than 5 keV.
Energy calibration of the Ge(i) detector
As a first step before starting the experiment, the Ge(i) detector was calibrated
with a radioactive americium 241Am source. 241Am has a half-life of 432.7 years
126 Chapter3: The Experiment
Line Origin Energy Relative Weighted Average Channel
(keV ) Weight Energy(keV )
Np-Lα1 (L3 - M5) 13.95 100
A 13.93 604
Np-Lα2 (L3 - M4) 13.76 11.8
Np-Lβ1 (L2 - M4) 17.75 100
B 17.51 765
Np-Lβ2,15 (L3 - N5)+(L3 - N4) 16.84 36.1
C Np-Lγ1 (L2 - N4) 20.78 896
D 241Am (6%) 26.34 1137
E 241Am (94%) 59.54 2558
Table 3.5: Different spectral lines seen in the spectrum of 241Am source used for the energy
calibration of the Ge(i) detector.
and decays into neptunium (237Np) through the emission of alpha particles and
low energy gamma rays (≈ 60 keV ).
In the resulting spectrum (lower part of figure 3.35) we recognize the two
americium spectral lines (D and E ) with energies 26.34 keV and 59.54 keV and
probabilities of 6% and 94% respectively. In addition the x-ray lines (A,B, and
C ) of neptunium are also recognized. Line A is a mixture of the two unresolved
lines Np-Lα1 (L3 - M5) and Np-Lα2 (L3 - M4) with energies of 12.95 keV and
13.76 keV and of relative weight of 100:11.8 respectively. Line B is also a
mixture of the two unresolved lines Np-Lβ1 (L2 - M4) and Np-Lβ2, 15 [(L3
- N5)+(L3- N4)] with energies of 17.75 keV and 16.84 keV and of relative
weight of 100 : 36.1 respectively. Table (3.5) lists the different lines detected
with their origin, energy, weight, and channel number. Energy values are taken
from [178, 179] while relative probabilities are taken from [180].
A linear fitting of the spectral points (upper half of figure 3.35) gives a
formula relating each channel number with its corresponding energy as:
E(eV ) = 23.37× channel − 235.94 (3.70)
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Figure 3.35: The spectrum of the 241Am radioactive source used for calibration as recorded
by our Ge(i) detector.
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3.6.4 Signal Processing and Data Acquisition System
A block diagram of the electronics used in the present work is shown in figure
(3.36). The signals are processed using a standard NIM electronics. The four
timing signals from the delay-line anode are differentially amplified by means
of a RoentDek type DLATR6 module, converted to standard ECL pulses by
constant fraction discriminators integrated inside the same module, and then
measured by a fast time-to-digital convertor (LeCroy TDC 3377 ) with a time
resolution of 0.5 nsec.
The time signal from the front of the MCP stack is first de-coupled from
the DC-voltage using RC-element (R = 1 MΩ, C = 4.7 nf ) and then amplified
by means of a fast linear amplifier (GSI developed FL8000 ) then directed to
an Ortec type constant fraction discriminator (Ortec 934 ) to be converted to
standard NIM signal. The NIM signal is then converted to ECL signal by
means of NIM-ECL converter (GSI developed EC 8000). The resulting signal
is fed into the LeCroy 3377 TDC and is used as the common start signal for
all of the TDC channels. The time signals from the Ge(i) detector and the
particle detectors for projectile capture and loss, respectively are also fed into
the same LeCroy 3377 TDC.
The currents of the Hall probes in the dipole magnets were fed through
a 6 MΩ impedance into two GSI-developed NIM current digitizers (model
CD 1012), the output signals of the current digitizers are then fed into a
scaler (LeCroy 2551 ) to give a direct measure (when normalized using the
electronic clock) of the electron momentum selected by the spectrometer. In
order to measure the charge exchange rates seen by the particle detectors
for normalization purposes, the time signals from both particle detectors are
fed into the LeCroy 2551 scaler. The time signals of the electron and Ge(i)
detectors are also counted with the same LeCroy 2551 scaler.
The energy signal of the Ge(i) detector is first amplified by a main amplifier
then fed into an Ortec 442 linear gate stretcher then directed to a Silena 4418/V
analog to digital coverter (ADC).
The LeCroy 3377 TDC, the Silena ADC, and the LeCroy 2551 scaler are
integrated in a CAMAC crate. The data from the CAMAC crate are read out
by the GSI developed CAMAC Processor boardGTBC4, which was connected
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Figure 3.36: A block diagram of the Data acquisition system used in this work.
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to a PC via an interface card. By means of The lynx-based data acquisition
”MBS” (Multi Branch System) software which also has been developed at GSI,
we controlled the data acquisition and stored the raw data in a so-called ”LMD-
file” (GSI format) event by event. This allows one to replay the experiment
off-line. The on-line and off-line analysis of the raw data is performed using a
special software ”Go4” [181] which is developed also at GSI. Go4 enables the
full data analysis and graphic representation of the analyzed data.
Chapter 4
Results and Discussion
Using our forward electron spectrometer described in the previous chapters, we
have studied the forward electron emission and the radiative electron capture
to continuum RECC in collisions of 90 MeV/u U88+ beryllium-like uranium
impinging upon N2 gaseous target. The 90 MeV/u beam energy is in the
range in which the ECC and RECC components of the capture to continuum
process have comparable cross sections [7] while the U88+ projectile was chosen
for two main reasons : On the one hand, a full K-shell is required to prevent
the dominant K-REC in the x-ray spectra. On the other hand, a projectile
that carries electrons into the collision offers the advantage of a simultaneous
study of the electron loss to continuum ELC channel. Additionally, the N2
target (Zt = 7) is more efficient than H2 or He in providing larger cross
section for RECC and bremsstrahlung since the cross section scales with Zt
(see section 2.2.2).
Time coincidences are recorded between electrons emitted in the forward
direction and photons emitted at 90o with respect to the beam direction (fig-
ure 4.1a), electrons and projectiles having experienced single electron loss U89+
(figure 4.1b), and electrons and down-charged projectiles U87+ (figure 4.1c).
The spectrometer was operated as follows: a measurement cycle in the in-
terval [pmin = 0.6p◦, pmax = 1.4p◦] was chosen, where p◦ = 61.68 a.u. is the
momentum corresponding to electrons traveling with the projectile velocity
at 90 MeV/u, and suitable number of steps to go from pmin to pmax was de-
termined such that we go in larger momentum steps of ∆p = 0.05p◦ in the
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Figure 4.1: Collected time spectra at ve = vproj for the coincidence between electrons
emitted in the forward direction and a) photons emitted at 90o with respect to the beam
direction, b) up-charge projectiles U89+, and c) down-charge projectiles U87+.
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energy range far away from the cusp energy and in smaller momentum steps
of ∆p = 0.025p◦ in the energy range close to the cusp energy. In each step,
a certain value of a pass momentum pn (between pmin and pmax) is chosen
for electrons to be transmitted from the target zone to the 2D electron de-
tector. However, these momentum values used during the stepping procedure
are only the nominal values given by the ESR software which are replaced
during the data analysis by the actual momentum values deduced from the
Hall probe currents registered by the LeCroy scaler. For each pass momentum
pn, the spectrometer is tuned by means of the ESR software at the suitable
parameters, the two magnetic dipole currents, the quadrupole lens currents,
and the correction coil current, for which, according to optics calculations, it
only passes electrons centered at the chosen pass momentum pn. After each
measurement for a pass momentum pn with a certain number of fillings of the
ESR, all spectrometer parameters are stepped to the next pass momentum
pn+1. This stepping is to be initiated manually every time before a new series
of fillings of the ESR is requested.
In order to minimize possible electronic dead time effects, the electron count
rate was kept low (<2 kHz ) and a dead time correction was performed for
the number of counts of each step of the measurement cycle by taking into
consideration the ratio of the number of electrons detected by the electron
detector to that registered by the LeCroy scaler.
The error bars in the presented cross sections are due to statistical errors
originating from counting rates. The 98% efficiency of the particle detector
will result first in a systematic error of 2% in the ELC relative cross section
(figure 4.3) corresponding to 4% error in the ECC cross section (figure 4.12)
and second in a 2% error in the cross section for simultaneous electron capture
to continuum and bound states (figure 4.9). Other possible sources of system-
atic error are: the momentum resolution of the spectrometer, the accuracy in
the location of the electron detector (centered ±2 mm from the beam line axis),
the dead time of the micro channel plates, the accuracy in the 90◦ angle of
the Ge(i) detector, the pile-up of photons in the Ge(i) detector, the accuracy
in the jet beam location, the volume of overlap between the beam and the
jet, the residual gas effect, the electronic dead time, and chance coincidences.
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The systematic error resulting from all these sources is expected to be small
in comparison with the error resulting from particle detector efficiency and
can be neglected in the present measurement where we measure relative cross
sections but should be taken into account in the measurement of absolute cross
sections in our future work. Compton scattering is not to be expected at the
present photon energies (Eγ ≈ 50 keV ).
4.1 Electron Cusp Distribution
Figure (4.2) represents the measured momentum spectrum of all projectile
continuum electrons (singles) emerging from the target chamber and detected
by the electron detector without coincidence conditions applied.
U88+(1s22s2) +N2 → U q+ + (N q+∗) + e−cusp
The electron yield measured by the electron detector for every pass momen-
tum pn is normalized to the charge exchange rate seen by the particle detector
for projectiles having undergone single electron capture. The resulting elec-
tron spectrum shows a nearly symmetric cusp-shaped distribution centered at
an electron momentum corresponding to electrons traveling with the projectile
velocity in agreement with theoretical and experimental foundings concerning
electron transfer to continuum [4, 69].
4.2 Electron Loss to Continuum ELC
Since the projectiles U88+(1s22s2) carry electrons into the collision, they can
be ionized by the excitation of one or more electrons from the initial projectile
bound state to a low-lying projectile continuum states just above the ioniza-
tion limit due to an interaction with either the N2 nucleus or N2 electrons. In
the course of the present experiment, we have studied the single electron loss
to continuum process. This was accomplished by measuring the coincidence
between electrons emitted in the forward direction and the up-charged projec-
tiles U89+. Since we are not measuring coincidences between electrons emitted
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Figure 4.2: Singles electron yield emitted near 0◦ with respect to the beam direction as
a function of longitudinal electron momentum along the beam direction (p = βγ/α) in the
laboratory frame for 90 MeV/u U88+ ions incident on N2 gaseous target. The cusp yield is
peaked at p ≈ 61.68 a.u. corresponding to electrons traveling with the projectile velocity.
The momentum range covered corresponds to laboratory electron energies between ∼22 keV
and ∼93 keV. The electron relative momentum (p/p◦) scale appears at the top of the figure.
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in the forward direction and U q+ (q = 90, 91, 92) projectiles, we are not able in
this work to provide experimental results on the multiple electron loss process
where two or more electrons are ionized simultaneously from bound projectile
states to continuum states.
For 90 MeV/u U88+ projectiles, single electron loss to continuum from the
projectile originates mostly from the L-shell (2s orbital). It was calculated
[182] that only in 10% of the times are electrons ionized from the K -shell (1s
orbital).
U88+(1s22s2) +N2 → [U89+(1s22s1) + e−cusp] +N2
The yield of electrons resulting from the single loss to continuum channel
for every pass momentum pn of the measurement cycle was deduced from the
area under the time spectrum representing the electron-U89+ coincidence (fig-
ure 4.1b) after fitting and background subtraction using the Jandel Scientific
PEAKFIT v4.0 software package. Each value of ELC yield is normalized to
the corresponding charge exchange rate seen by the particle detector for pro-
jectiles having undergone single electron capture. The resulting electron ELC
spectrum (figure 4.3) shows a nearly symmetric cusp confirming the symmetry
of longitudinal ELC cusps, as it results from the first-Born treatment of Day
[79] and Briggs and Day [82]. The width of the peak (FWHM ) of ∆p = 4.5 a.u.
corresponds to the instrumental momentum resolution of the spectrometer of
1.9% folded with the theoretical cusp width.
It also deserves attention that no photons were detected in coincidence with
the ELC electrons which leads to the conclusion that ELC is predominantly
not accompanied by a simultaneous radiative capture to continuum process.
This can be attributed to the difference in nature of collisions resulting in ELC
or RECC events: a soft collision with a small momentum transfer q ≥ qmin ∼=
²i/vproj is enough in the case of ELC while the RECC event is a result of a
violent collision with large momentum transfer in the range of that needed for
ECC process qmin ∼= vproj (see chapter 2 ).
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Figure 4.3: Electron yield emitted near 0◦ with respect to the beam direction coincident
with U89+ (ELC) as a function of longitudinal electron momentum along the beam direction
(p = βγ/α) in the laboratory frame for 90 MeV/u U88+ ions incident on N2 gaseous target.
The distribution is peaked at p ≈ 61.68 a.u. corresponding to electrons traveling with the
projectile velocity. The electron relative momentum (p/p◦) scale appears at the top of the
figure.
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Transition Eemitter Elab Transition Note
Probability
(keV ) (keV ) (s−1)
2p 3
2
→ 2s 1
2
4.491 4.095 1.14× 1014 L shell internal transition
4d 3
2
→ 3p 1
2
( 3D1 → 3P0) 6.719 6.127 2.01× 1014 Paschen Series
3s 1
2
→ 2p 3
2
( 1S0 → 1P1) 14.099 12.857 7.04× 1014 Balmer Series
3d 5
2
→ 2p 3
2
( 3D3 → 3P2) 15.849 14.453 3.90× 1015
3d 3
2
→ 2p 1
2
( 3D1 → 3P0) 19.654 17.922 2.58× 1015
4d 3
2
→ 2p 1
2
( 3D1 → 3P0) 25.113 22.900 9.33× 1014
Table 4.1: Most probable characteristic transitions for U88+ and their transition proba-
bilities.
4.3 X-ray Energy Spectra: Short Wavelength
Limit of Electron Nucleus Bremsstrahlung
In figure (4.4) we compare the measured x-ray spectrum at 90◦ with respect
to the beam direction accumulated without any coincidence conditions with
the x-ray spectrum coincident with cusp electrons, electrons traveling with
the projectile velocity. X-ray energies in the laboratory frame were calculated
using the calibration (equation 3.70) mentioned previously in chapter 3. In the
spectrum, the discrete lines of the characteristic projectile radiation, mainly
M and L x-ray emission attributed to the excitation of the U88+ projectiles,
can be seen together with REC into the L- and M - shells. K-REC as well as
characteristic K-shell x-rays of the projectile are not present here due to the
occupied K-shell of the U88+ projectile. The projectile characteristic lines, as
shown, are superimposed over a continuum x-ray spectrum due to the electron-
nucleus bremsstrahlung of target electrons in the projectile potential. The
most probable projectile characteristic lines leading to the measured spectral
lines of figure (4.4) were calculated by Xincheng Wang (Fudan University,
Shanghai) using the MCDFGME sofware package [183] and listed in table
(4.1)
Photons are emitted by uranium ions moving with velocities of about 41%
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Figure 4.4: X-ray spectrum coincident with RECC electrons ( lower red line) compared
with the singles x-ray distribution ( upper black line) detected under 90◦ with respect to the
beam axis for 90 MeV/u U88+ ions incident on N2 gaseous target.
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of the speed of light, therefore photon energies measured in the laboratory
system have to be corrected for the relativistic Doppler shift using [56]
Eemitter = Elab × γ × (1− β cos θlab) (4.1)
where Eemitter and Elab are the photon energies in the emitter and labo-
ratory systems, respectively, θlab denotes the laboratory observation angle
(90◦in this work), β is the speed in units of the speed of light and γ is the
relativistic Lorentz factor 1√
1−β2
. The calculated emitter frame energies ap-
pear at the upper scale of the spectrum.
The coincident x-ray spectrum, given as the red line of figure (4.4), collected
in coincidence with electrons emitted in the forward direction with the same
velocity as the projectile ve = vproj is plotted together with the non-coincident
spectrum. While the non-coincident spectrum is dominated by projectile M
and L x-ray emission, the coincident spectrum almost exclusively contains x-
rays at Elab ≈ 45 keV corresponding to Eemitter ≈ 49.4 keV which confirms
the interpretation viewed by an observer in the projectile system as the short-
wavelength limit of the electron-nucleus bremsstrahlung from e− + U88+ at
(γ − 1)mc2 = 49.4 keV incident kinetic electron energy
In the coincident x-ray spectrum, the observed line width of the x-ray peak
is due mostly to Doppler broadening of radiation in the x-ray detector. Our
2000mm2 Ge(i) x-ray detector located 140mm away from the target subtended
approximately 9.5◦ in the laboratory, giving a Doppler width as derived from
equation (4.1)
∆Elab =
Elabβ sin θlab
1− β cos θlab ∆θlab (4.2)
equal to 3.06 keV for 90 MeV/u U88+ ions at θ = 90◦ with respect to the beam
direction.
In figure (4.5), the experimental coincident x-ray spectrum coincident with
electrons emitted in the forward direction with the same velocity as the pro-
jectile (ve = vproj) is plotted together with the theoretical results (full circles)
calculated by Doris Jakubaßa-Amundsen (LMU Mu¨nchen) for our system ob-
tained from the fourfold differential cross section by integrating over the for-
ward electron acceptance cone and energy resolution of the spectrometer. In
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Figure 4.5: Experimental x-ray spectrum (full squares) coincident with electrons emitted
in the forward direction at the same velocity as the projectile in comparison with theorey
(full circles) for 90 MeV/u U88+ ions incident on N2 gaseous target.
order to put the obtained relative cross section data on the calculated absolute
scale, the measured spectrum is normalized to the theory in the peak maxi-
mum. There, the shape of the cross sections are generally found to be in very
good agreement with theoretically calculated ones. The FWHM of the mea-
sured cross sections of 4.04 keV is in good agreement with the 4.2 keV width
expected from a quadratic sum of both the 2.87 keV theoretical peak width
and the 3.06 keV Doppler broadening assuming Gaussian contributions
∆Eexp =
√
∆E2Dopp +∆E
2
theo (4.3)
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4.4 Radiative Electron Capture to Continuum
RECC
In order to investigate the double differential cross section ( d
2σ
dpdΩ
) for the RECC
process, we have collected x-ray spectra coincident with electrons emitted in
the forward direction for a set of electron momenta (53.5 a.u. < pe < 67.5 a.u.)
corresponding to electron velocities velocities (50 a.u. < ve < 60.5 a.u.) close
to the projectile velocity of vp = 56.24 a.u.. The resulting coincident spectra
(figure 4.6) show that x-ray spectra coincident with electrons at laboratory
velocities slightly lower than the cusp velocity contain much lower x-ray in-
tensity than x-ray spectra coincident with electrons at laboratory velocities
slightly higher than the cusp velocity. This leads to a strong asymmetry of
the differential cross section toward the high energy side of the electron cusp
distribution coincident with the RECC process. Relative differential cross sec-
tions for RECC were obtained by normalizing the number of counts of each
coincident spectrum to the corresponding charge exchange rate seen by the
particle detector for projectiles having undergone single electron capture.
Figure (4.7) shows the resulting measured relative double differential cross
section DDCS (full circles) for radiative electron capture to the projectile
continuum RECC :
U88+(1s22s2) +N2 → U88+(1s22s2) + (N+2 ∗) + e−cusp + hν
which is derived from coincident spectra of figure (4.6). The relative DDCS
exhibits a cusp-shaped distribution peaked at electron momentum correspond-
ing to electrons traveling with the projectile velocity. The experimental peak
position at pe = γvp = p◦ with its asymmetry is compatible with the the-
oretical picture given in chapter 2 of this work, for an observer in the U88+
projectile frame the incident electron is decelerated from an average momen-
tum p◦ to a momentum ≈ 0; its total kinetic energy being carried away by
the emitted x-ray photon. The electron bounces back from the projectile and
thus appears predominantly in the beam direction. Comparison is made with
theoretical RECC cross section calculations (full line) carried out by Doris
Jakubaßa-Amundsen (LMU Mu¨nchen). The theoretical cross section is ob-
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Figure 4.6: X-ray spectra collected in coincidence with electrons emitted in the forward
direction for a set of electron velocities in the laboratory frame (around the cusp velocity
of 56.24 a.u.) for 90 MeV/u U88+ ions incident on N2 gaseous target. It is clearly seen
that only coincidences with x-rays from the short wavelength limit of the electron nucleus
bremsstrahlung appear; it is very apparent that mostly electrons with projectile frame mo-
menta parallel to the incident projectile, having velocities slightly greater than the cusp
velocity, are generating coincidence events.
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Figure 4.7: Relative differential cross section for radiative electron capture to continuum
RECC in comparison with theory (full line) as a function of longitudinal electron momen-
tum along the beam direction (p = βγ/α) in the laboratory frame for 90 MeV/u U88+ ions
incident on N2 gaseous target. The distribution is peaked at p ≈ 61.68 a.u. corresponding to
electrons traveling with the projectile velocity. The theory is folded with the experimental
momentum resolution and the experimental relative cross section is normalized to the max-
imum of the theoretical differential cross section. The electron relative momentum (p/p◦)
scale appears at the top of the figure.
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tained by folding the cross section for electron-nucleus bremsstrahlung with
the momentum distribution of the electron in its initial state. This was per-
formed within a relativistic formulation of the impulse approximation using
semi-relativistic Sommerfeld-Maue wavefunctions for the ejected electron, i.e.
solution of the Dirac equation under the assumption of a pure coulomb field
of the nucleus and low atomic number (αZ << 1)[38]. McDowell [184] and
Briggs [185] have pointed out that for very asymmetric systems where the
electron spectrum originates from electrons which move predominantly in the
projectile field, the impulse approximation may be applied which includes the
strong field (projectile field) to all orders and the weak field (target field) to
first order. This applies to the present case.
Two fundamental assumptions are made for molecular N2 target within
the relativistic impulse approximation: (1) the N2 target system has a diffuse
structure such that the inter-particle distances are large compared with the
range of nuclear forces. So, the N2 target can be regarded as transparent and
the amplitude of the wavefunction of the incident U88+ ions is not appreciably
perturbed in crossing the target system. The near particles of the target
system do not cast shadows on the far ones. (2) The interaction occurs over
such a short time that the orbital time of the N2 electron in its initial orbit
is considered to be long compared with its interaction time with the incident
U88+ ions. In this situation the effect of the binding forces during the collision
may be neglected. In other words, the loosely bound N2 electrons are treated
as quasifree particles.
The approximations introduced here for the theoretical calculations are well
justified and do not affect our basic conclusions. Since we deal with light tar-
gets ZP >> ZT where ZP and ZT are the nuclear charges of projectile and
target, respectively, and projectiles moving much faster than the target elec-
trons according to their classical orbiting velocity, 1
2
mv2 >> Ebinding, it is
safe to neglect the binding energy compared to the electron’s kinetic energy
in the projectile frame of reference. This also allows for the omission of the
electron-target interaction not only in the final electron state, but also in the
intermediate states, in particular since we deal with electron capture to con-
tinuum where in the final state the relative velocity between the electron and
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the projectile approaches zero.
Concerning the use of the Sommerfeld-Maue wavefunctions for the ejected
electron, this is certainly a reasonable approximation in the weakly relativistic
case according to Shaffer et al [186]. Thus the cusp shape is not altered by the
use of these functions. For projectiles with high nuclear charge, Sommerfeld-
Maue wavefunctions are always expected to give reasonable reliable results
[7].
The theory is averaged over the energy resolution of the photon detector
(∆E/E = 0.006) and the theoretical momentum resolution of the forward
electron spectrometer ∆p/p = 1.9%. Since the data are only relative, the
experiment is normalized to theory at the cusp maximum. The pronounced
peak asymmetry emphasizes the high energy slope of the cusp (enhancement of
emission of electrons parallel to the beam direction), in accordance with theory
[7].
We observe that the maximum of the theoretical DDCS for RECC shifts
to slightly higher electron laboratory momenta than that seen experimentally.
The shift of the theory away from the true cusp position p◦ is due to the strong
underlying cusp asymmetry: Any folding of an asymmetric shape function S
with a resolution function R will shift the maximum of the resulting curve into
the direction of the gentler slope of S, and this shift will increase with increas-
ing ∆p/p. However, a contribution in the experimental DDCS not accounted
for by theory could originate from electrons which are captured into Rydberg
states of the projectile and subsequently are field ionized in the 60◦ magnet: If
radiative electron capture can occur into continuum states lying just above the
ionization threshold of the projectile, radiative capture into bound states lying
just below the ionization threshold also can occur with comparable probability
[187]. This means that Rydberg atoms may emerge from the target zone with
comparable intensity as the RECC electrons. Rydberg atoms can be ionized
in the Lorentz field of the first 60◦ dipole magnet of the spectrometer. One
can estimate the maximum principal quantum number for electrons not to be
file-ionized in the dipole as follows: A hydrogen-like ion (atomic number Z) in
a Rydberg state n with an energy En = − Z22n2 will be exposed to the motional
electric field Em of strength
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Em = γvprojB = γβcB (4.4)
seen by the ions when moving with velocity vproj in the transverse magnetic
field B of the dipole. Here c is the speed of light and γ is the relativistic factor
(1/
√
1− β2). Rydberg electrons can just escape when the maximum U(r◦) of
the resulting potential
U(r) = −Z
r
− Emr (4.5)
corresponds to the energy En [ U(r◦) = En ]. The maximum U(r◦) of the
potential is characterized by
dU(r◦)
dr
= 0 (4.6)
from which results
r◦ =
√
Z
Em
and U(r◦) = −2
√
ZEm (4.7)
which leads to the result
n = 4
√
Z3
16Em
(4.8)
which can be written (with the help of equation 4.4) as
n =
1
2
4
√
Z3
γβcB
(4.9)
from which we can estimate that the spectrometer filed will ionize all electrons
captured into bound states with n values grater than about 450. This supple-
mental part of the spectrum is centered at pe = p◦ and is not shifted by folding
with R; its inclusion in a theoretical calculation would reduce the difference
between the experimental and theoretical peak positions. It is highly unlikely
that the experimental RECC peak position is due to a spectrometer deficiency:
The simultaneously measured ELC cusp (figure 4.3) exhibits its maximum at
pe = p◦ as expected, the same electron momentum as the experimental RECC
cusp.
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4.5 Simultaneous Electron Capture to Bound
and Continuum States
In order to determine the differential cross section for the pure single electron
capture to continuum
U88+(1s22s2) +N2 → U88+(1s22s2) + (N+2 ∗) + e−cusp
which cannot be measured directly, we turn to a multi-electron channel of the
electron capture to continuum, were the U88+ projectile have captured simul-
taneously two electrons, one into the 2p shell and another into a low lying
continuum state (figure 4.8).
U88+(1s22s2) +N2 → U87+(1s22s22p1) + (N q+2 ∗) + e−cusp
This process is investigated by the detection of electrons emitted in the for-
ward direction at 0◦ in coincidence with the down-charged projectiles U87+.
The relative differential cross section ( d
2σ
dpdΩ
) for this simultaneous capture for
every pass momentum pn of the measurement cycle is derived from the area
under the coincident time spectrum representing the electron-U87+ coincidence
(figure 4.1c) after fitting and background subtraction. The values are normal-
ized to the corresponding charge exchange rate seen by the particle detector for
projectiles having undergone single electron capture. We observe in the result-
ing spectrum of continuum electrons (figure 4.9) a cusp-shaped distribution
peaked at electron momentum of ≈ 61.68 a.u. corresponding to electrons trav-
eling with the projectile velocity and skewed towards the low energy side of the
cusp which points towards a non-radiative capture to continuum accompanied
by single electron bound state capture as the active mechanism.
On the other hand, a correlated double electron capture to highly excited
bound states of the U88+ projectile as
U88+(1s22s2) +N2 → U86+(1s22s2nl) + (N q+∗)
with subsequent autoionizing transition via electron and/or photoemission to
U87+(1s22s22p1) + (N q+
∗
) + e−cusp + hν
4.6: Pure Electron Capture to Continuum ECC 149
Figure 4.8: Schematic of the non-radiative electron capture to projectile continuum ac-
companied by a simultaneous bound state capture.
which leaves the projectile in a final charge state U87+, may also contribute
as the final state is identical to that for simultaneous continuum and bound
state capture without correlation. This correlated electron capture and trans-
fer ionization TI have been seen [95] to be very strong and even dominant at
low collision velocities (0.53 MeV/u F 8+ + Ne). However, at 90 MeV/u it is
still surprisingly present but the asymmetric cusp shape of the observed dis-
tribution disproves such a correlated double capture process as the dominant
channel, as it would lead to a symmetric peak, and supports the identification
as simultaneous continuum and bound state capture. There is at present no
theoretical approach to describe the simultaneous correlated capture. Simul-
taneous capture without correlation at relativistic velocities as the asymmetry
may indicate to be here, has not been treated theoretically either.
4.6 Pure Electron Capture to Continuum ECC
Since a coincidence between electrons emitted in the forward direction and
charge-unchanged projectiles (U88+) is not possible from the practical point of
view for a circulating beam in a storage ring, the relative double differential
cross section ( d
2σ
dpdΩ
) for the non-radiative electron capture to continuum ECC:
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Figure 4.9: Non-radiative electron capture to projectile continuum cusp coincident with
bound state capture for 90 MeV/u U88+ ions incident on N2 gaseous target. The electron
relative momentum (p/p◦) scale appears at the top of the figure.
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U88+(1s22s2) +N2 → U88+(1s22s2) + (N+2 ∗) + e−cusp
cannot be measured directly via electron-projectile coincidences as is possi-
ble for the corresponding ELC with coincidences of cusp electrons with U89+
projectiles. Taking into account the near 100% detection efficiency for charge
changed projectiles in the particle detectors [188], estimation of the the rela-
tive cross section can be alternatively accomplished by subtracting from the
non-coincident relative differential cross section for forward electron emission,
that is all electrons detected by the electron detector, the relative differential
cross sections for all other possible processes contributing to forward electron
emission other than the ECC: ELC, RECC, and the small contribution of the
simultaneous electron capture to bound and continuum states TI.
d2σ
ECC
dpdΩ
=
d2σ
singles
dpdΩ
− [ d
2σ
ELC
dpdΩ
+ δ × d
2σ
RECC
dpdΩ
+
d2σ
TI
dpdΩ
] (4.10)
To remove RECC counts from the singles, the number of RECC counts de-
tected by the x-ray detector (at 90◦ with respect to the beam direction) should
be multiplied by a factor δ to account for the fact that the x-ray detector spans
only a small part of the entire 4pi solid angle and therefore detects only a small
part of the total radiation emitted. The factor δ is calculated as follows: the
x-ray detector covers 2000 mm2 active area and is positioned 140 mm away
from the target zone. This corresponds to a solid angle of ∆Ω/4pi = 8.8×10−3.
The calculated half-opening polar angle ∆φ around the 90◦ is 9.548◦. Since
the opening cone of the detector is spherically symmetric, also the half-opening
azimuthal angle ∆θ is the same, 9.548◦. So instead of a total of 2pi in the polar
direction one has the difference between 90◦ + 9.548◦ = 99.548◦ = 1.737 rad
and 90◦ − 9.548◦ = 80.452◦ = 1.404 rad which is 0.333 rad leading to a re-
duction by 0.333/2pi = 0.053. The corresponding reduction in the azimuthal
angle depends on the the angular distribution of the emitted photons. This
angular distribution can be obtained from the calculations of the double dif-
ferential cross section d
2σion−atom
dElabdΩlab
for bremsstrahlung in collisions of 90 MeV/u
U88+ and N2 target at all possible laboratory angles from θ = 0 to θ = pi. This
can be done using equation (2.34) and tables of electron bremsstrahlung cross
sections for neutral atoms given by Kissel et al [57]. As an example of how the
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calculations are performed, we calculate here in detail, following Anholt [50],
the differential cross section d
2σion−atom
dElabdΩlab
for 90 MeV/u U88+ + N2 collisions at
90◦. The electron energy in the projectile frame is 49.4 keV, so we use Kissel’s
tables for 50-keV electrons. At the short wavelength limit the fraction of en-
ergy radiated is 1 (named by Kissel as k/T1) and the angle in the projectile
frame corresponding to the 90◦ laboratory angle is [50]
θproj = cos
−1(
cos θlab − β
1− β cos θlab ) = 114.2
◦ (4.11)
The bremsstrahlung-photon emission angle is always measured with respect
to the direction of the incident free electron which is, in the case of inverse
kinematics, opposite to the direction of the incident beam in the laboratory
frame. Consequently, the bremsstrahlung emission angle is related to θproj as
(see figure 4.10):
θbrems = 180− θproj = 65.8◦ (4.12)
The bremsstrahlung cross section is
d2σe−n
dEprojdΩproj
= S × (spectrum)× Z
2
p
β2Eγ
(4.13)
where Zp is the projectile atomic number (92 for uranium), β is the speed in
units of the speed of light (0.41 for 90 MeV/u), Eγ is the photon energy (49.4
keV for the short wave length limit at 90 MeV/u), S is the shape function
defined as
S =
d2σ/dEγdΩ
dσ/dEγ
(4.14)
and ”spectrum” is the scaled photon energy spectrum defined by Kissel as
spectrum = (
β2Eγ
Z2p
)
dσ
dEγ
(4.15)
the entry for S and ”spectrum” from the table are 0.1239 sr−1 and 5.599 mb
respectively. which leads to
d2σe−n
dEprojdΩproj
= 0.707
b
keV sr
(4.16)
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Figure 4.10: Illustration of radiative electron capture to continuum as seen in a) the
laboratoray frame b) the projectile frame compared to c) the short wavelength limit of e-n
bremsstralung process.
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which can be now substituted together with Zt=7 in equation (2.34) to give
d2σion−atom
dElabdΩlab
= 4.51
b
keV sr
(4.17)
this procedure is repeated for all laboratory angles from θ = 0 to θ = pi. The
angular distribution of the resulting cross sections is presented in figure(4.11).
It is noteworthy that, this angular distribution of photons resulting from
the short wavelength limit follows an approximate sin2 θ distribution (full line
of figure 4.11) at large angles in the domain ∼ 35◦ < θ <∼ 135◦ which contains
the location of our x-ray detector. A similar behavior is also reported [50, 189]
for the radiative capture to bound states (REC) which gives an approximate
sin2 θ dependence at these energies. This gives an experimental support to the
description of the RECC as a continuation of the REC across the ionization
limit (see chapter 2).
Now the reduction in the azimuthal angle is obtained by performing a nu-
merical integration for the resulting distribution. Integrating from 90◦−9.548◦
to 90◦+9.458◦ (corresponds to the range [57.4◦−74.8◦] in the projectile frame)
gives a value of 1.842 in place of a value of 6.675 obtained for the respective
integral on the total range from 0 to pi, and thus a reduction by 1.842/6.675=
0.276. Thus a total reduction of 0.053× 0.276 = 0.0146 ≈ 1/68 leading to a δ
factor of δ = 68.
Using equation 4.10, the ECC differential cross section is calculated for every
pass momentum pn of the measurement cycle and normalized to the charge
exchange rate seen by the particle detector for projectiles having undergone
single electron capture. In figure (4.12), the resulting spectrum for the ECC
is plotted together with the theoretical results (full line) after normalizing the
experimental data to the theory in the peak maximum. It is to be noticed here
that the shape of the resulting distribution is not very sensitive to the precision
of the x-ray solid angle determination due to the very small cross section of the
RECC process compared to the ELC Process (
d2σ
ELC
dpdΩ
<<
d2σ
RECC
dpdΩ
). An error
of 10% in the x-ray solid angle is estimated to generate an error of only 3% in
the δ factor. This will have no significant effect on the resulting distribution.
In contrast to RECC, the ECC cusp spectrum is nearly symmetric within
the width at half maximum. This is expected for the present semi-relativistic
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Figure 4.11: Calculated laboratory angular distribution of the short wavelength limit
photons resulting from 90 MeV/u U88+ ions incident on N2 gaseous target in comparison
with the sin2θ distribution (full line) expected for REC for weakly relativistic systems.
Calculations are made with the help of tables of electron bremsstrahlung cross sections
given by Kissel et al [57].
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collision velocity since the ECC peak asymmetry has been reported to become
weaker at higher velocities as Zp/v → 0 [52]. For cross sections lower than 30%
of the peak maximum, a possible asymmetry is observed towards low electron
energies in accordance with ECC cusp measurements at low collision energies
[18]. As mentioned previously (chapter 2), the ECC process is described in
terms of a double scattering mechanism, i.e. ejection of a target electron after
being knocked by the projectile with a subsequent scattering by the target
field. There, negative skewness is due to a final state interaction with the
target ionic potential trying to keep the electrons at the target, i.e. pulling
them to the low-energy side in the laboratory frame. This skewness in the ECC
is opposite to the one found in the RECC (figure 4.7) and is in agreement with
the theoretical prediction taking into account the distortion of the electron
wave function in the final state. The theoretical calculations were carried
out by Dr. Doris Jakubaßa-Amundsen (LMU Mu¨nchen) within a relativistic
formulation of the impulse approximation (details in section 4.4).
The figure clearly shows a qualitative agreement between the measured cross
sections and the calculated ones concerning the cusp shape and the peak loca-
tion with a much narrower calculated width (FWHM = 4.43 a.u.) compared
to the measured one (FWHM = 6.81 a.u.). The difference between measured
and calculated widths again shows that the presence of Rydberg atoms in the
beam emerging from the target zone (see section 4.4) do indeed contribute
significantly to the cusp peak. It is well known that such Rydberg states
are readily formed in fast-ion collisions in gases [190]. If ECC electrons and
Rydberg atoms were to emerge from the target in comparable numbers, the
intensity and shape observed for the cusp peak would depend critically on the
experimental parameters (magnitude and direction of the spectrometer fields,
distance from target to the spectrometer, ..etc.). The inclusion of additional
electrons arising from Rydberg atoms created at the target zone in the the-
oretical calculations is expected to increase the theoretical width to a value
comparable with that of the measured distribution.
With increasing electron energy, on the high energy wing of the peak, a
larger discrepancy between measured and calculated cross sections arises where
theory predicts much smaller cross sections than observed in the experiment.
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There is likely a considerable contribution from the projectile M,N, ... Auger
lines which would be situated at the wings of the peak when the Auger energies
are transferred to the laboratory frame. Another contribution can originate
from U88+ electrons emitted in a multiple electron loss to continuum. These
electrons cannot be accounted in any contribution mentioned sofar because
no coincidences were performed with U q+ (q= 90, 91, 92 ) ions. We surmise
that electrons originating from multiple electron loss to continuum are ejected
predominantly with laboratory velocities slightly higher than the projectile
velocity. The contribution which originates from the low energy tail of the
binary encounter peak centered at a momentum of
PBE =
2γ
√
γ2 − 1
α
(4.18)
which for 90 MeV/u U88+ equals to 135.3 a.u. can be here excluded at the
momentum range presented due to the low atomic number (Zt = 7) of the
target and the associated narrow Compton profile.
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Figure 4.12: Double differential cross section d2σ/dpdΩ for pure non-radiative electron
capture to continuum in comparison with theory (full line) as a function of longitudinal
electron momentum along the beam direction (p = βγ/α) in the laboratory frame for 90
MeV/u U88+ ions incident on N2 gaseous target. The electron relative momentum (p/p◦)
scale appears at the top of the figure.
Chapter 5
Summary
In this work we have described the first in a planned series of experiments
towards measuring the fully differential cross section of the electron-nucleus
(e-n) bremsstrahlung at the short wavelength limit; we investigate its relation
to the radiative electron capture to continuum RECC in which a target electron
approximately at rest in the target frame is captured into a low-lying contin-
uum state of a fast projectile with simultaneous photon emission. The RECC
process as seen in the projectile frame (a quasi-free electron from the target is
decelerated from velocity v = vproj to v ≈ 0 while emitting a photon of energy
E = (γ−1)mc2) is the kinematic inverse of the electron nucleus bremsstrahlung
at the short wavelength limit (SWL). Interestingly, the inverse kinematic where
the electron is detected with velectron ≈ vProjectile offers the only configuration
to investigate the short wavelength limit of e-n bremsstrahlung.
As a first step, we have studied the forward electron emission in the col-
lision of 90 MeV/u U88+ beryllium-like uranium impinging upon N2 gaseous
target. We detected electrons emitted with velectron ≈ vProjectile into a cone
of half angle ∆θ = ±1.5◦ about the forward direction. Electrons were ana-
lyzed with our imaging forward electron spectrometer in the jet target zone of
the experimental storage ring ESR at GSI and detected by means of our new
2D position sensitive electron detector. Moreover, electrons were detected in
coincidence with x-rays collected with a Ge(i) detector mounted at 90◦ with
respect to the beam axis.
In the coincident x-ray spectrum (coincident with electrons emitted in the
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forward direction with the same speed as the projectile) we have observed for
the very first time nearly exclusively photons from the short wavelength limit of
electron nucleus bremsstrahlung (figure 4.4). X-ray spectra were also collected
in coincident with electrons emitted in the forward direction for a set of electron
velocities (49 a.u. < ve < 61 a.u.) close to the projectile velocity of vp =
56.24 a.u.. The resulting coincident spectra (figure 4.6) show that spectra
collected at velocities slightly lower than the cusp velocity contain much lower
x-ray intensities compared to spectra collected at velocities slightly higher than
the cusp velocity. This leads to the measured strong asymmetry toward the
high energy side of the electron cusp distribution coincident with the RECC
process (figure 4.7), as predicted by theory [7], which means an enhancement
of emission of electrons parallel to the beam direction.
We have also detected electrons emitted in the forward direction in coin-
cidence with the down charged projectile U87+(1s22s22p), a projectile asymp-
totically having captured simultaneously one electron into the 2p shell and
one electron into its continuum. We have observed in this electron continuum
spectrum coincident with capture to a projectile bound state a cusp-shaped
distribution skewed towards the low energy side (figure 4.9) which points to-
wards a non-radiative ECC process as the active mechanism. For comparison
and momentum calibration we have measured simultaneously the electron loss
to continuum ELC, Electron transfers from bound states of a projectile into
continuum states of the projectile itself, by detecting coincidences between
electrons emitted in the forward direction and projectiles which experienced a
single electron loss U89+. The resulting electron loss to continuum cusp (fig-
ure 4.3) exhibits a nearly symmetric line shape peaked at electron momentum
corresponding to electrons traveling with the projectile velocity in agreement
with theories.
Since a coincidence between electrons emitted in the forward direction and
charge-unchanged projectiles (U88+) is not possible from the practical point
of view, the relative cross section for the non-radiative electron capture to
projectile continuum was calculated indirectly by subtracting from the non-
coincident cusp electron spectrum, all electrons detected by the electron detec-
tor, the number of counts of all other possible processes contributing to forward
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electron emission other than the ECC. The resulting ECC cusp distribution
(figure 4.12) was slightly skewed towards the low energy side in contrast to the
RECC distribution.
We compare our results with the results of the theoretical calculations made
by D. Jakubaßa-Amundsen for our system based on the relativistic formulation
of the impulse approximation [7, 6]. Evidently we found satisfactory agreement
between theory and experiment concerning cusp shape and cusp asymmetry.
We report in this work also first results from a study of the longitudinal
momentum distribution in simultaneous ionization of target and projectile in
3.6 MeV/u Ne3+ and Ar target:
Ne3+ + Ar → Ne4+ + Ar1+ + efast + eslow
The measurement was performed using the GSI reaction microscope which
will be joined in the close future to the forward electron spectrometer to en-
able for kinematically complete experiments at relativistic energies. The mea-
sured low energy electron emission was not nearly isotropic as expected for the
present small perturbation but unexpectedly exhibits a strong forward asym-
metry (electrons are emitted predominantly in the forward direction) while
recoil ion momentum distribution has a peak at a small negative value of lon-
gitudinal momentum which means that recoil ions are emitted predominantly
back to back with respect to the direction of emission of slow electrons (fig-
ure 3.26). The measured momentum distribution of the Ne4+ projectiles was
a sharp peak with its center close to zero (figure 3.27). It follows that the slow
electron longitudinal momentum is not balanced, as might be expected, by
neither the longitudinal momentum change of the projectile nor the longitudi-
nal momentum change of the projectile electron but mainly by the backward
recoiling of the Ar1+ ion.

Chapter 6
Zusammenfassung
In dieser Arbeit beschreiben wir das erste in einer geplanten Experimentenserie
zur Messung des vollsta¨ndig differentiellenWirkungs-Querschnitts der Elektron-
Kern-Bremsstrahlung am kurzwelligen Limit. Klassisch wird Elektron-Kern-
Bremsstrahlung erzeugt, wenn ein einlaufendes schnelles Elektron um Coulomb
Feld des Kerns eines Targetatoms abgebremst wird. Das Elektron wird abge-
lenkt und verliert kinetische Energie. Die vom Elektron verlorene Energie
wird in ein Photon der elektromagnetischen Strahlung umgewandelt (Abbil-
dung 2.1). Das kurzwellige Limit der Elektron-Kern-Bremsstrahlung beschreibt
die Situation, wenn die gesamte kinetische Energie des Elektrons in ein Pho-
ton umgewandelt wird und die kinetische Energie des auslaufenden Elektrons
nah an null ist. Die strenge quantenmechanische Behandlung der Elektron-
Kern-Bremsstrahlung zeigt daru¨ber henaus, dass der StrahlungsProzess einen
endlichen Querschnitt am kurzwelligen Limit hat, welches als scharfe Kante
am hochfrequenten Ende des Strahlungsspektrums erscheint (Abbildung 2.9).
Wir untersuchen die Beziehung zwischen dem kurzwelligen Limit der Elektr-
on-Kern-Bremsstrahlung und dem radiativen Elektroneneinfang ins Projek-
tilkontinuum RECC (Radiative Electron Capture to Continuum). Im RECC
wird ein Targetelektron aus dem Grundzustand des Targetsystems in einen
energetisch niedrigliegenden Kontinuumzustand eines schnellen Projektils mit
simultaner Photonemission eingefangen. Anstatt den Prozess im Laborsystem
zu beschreiben, wo das Targetelektron im Grundzustand ist, kann der RECC
im Ruhesystem des Projektils beschreiben werden. In diesem Fall sieht ein
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Beobachter, der auf dem Projektil sitzt, dass das quasi-freie Targetelektron
mit einer hohen kinetischen Energie (γ − 1)mc2 ankommt, entsprechend der
Geschwindigkeit des Projektils ve = vproj , dann abgebremst wird zu ve ≈ 0
unter Emission eines Photons von Energie E = (γ − 1)mc2. Im Projektilsys-
tem erscheint der RECC Prozess als das kinematisch Inverse des kurzwelligen
Limits der Elektron-Kern Bremsstrahlung. Interessanterweise bietet die in-
verse Kinematik die einzige Konfiguration in der das kurzwelligen Limit der
Elektron-Kern-Bremsstrahlung experimentell untersucht werden kann. Dies
kann in den experimentellen Standardtechniken nicht geleistet werden. In ex-
perimentellen Standardkonfigurationen wird ein Photon und ein auslaufenden
Elektron koinzident gemessen. Die Messung eines Elektrons koinzident mit
dem Photon vom kurzwelligen Limit wu¨rde aber bedeuten, das dieses Elek-
tron seine gesamte Energie verloren hat und deshalb das Target u¨berhaupt
nicht mehr verlassen kann.
Im Rahmen dieser Arbeit haben wir die Elektron-Kern-Bremsstrahlung und
die Vorwa¨rtselektronemission im Stoß von 90 MeV/u U88+ beryllium-a¨hn-
lichem Uran mit N2 Gas Target untersucht. Wir haben Elektronen gemessen,
die mit ve ≈ vproj in einen Kegel mit halbem O¨ffnungswinkel ∆θ = ±1.5◦
um die Vorwa¨rtsrichtung emittiert werden. Die Elektronen werden mit einem
Vorwa¨rtselektronspektrometer analysiert, das in der Jettargetzone des experi-
mentellen Speicherringes ESR in GSI in Darmstadt (www.gsi.de) fu¨r 0◦ Elek-
tronenspektroskopie installiert ist. Das Vorwa¨rtselektronen-spektrometer soll
schnelle Elektronen analysieren, die in der Vorwa¨rtsrichtung in einen schmalen
Kegel um die Strahlrichtung emittiert werden und mit einem Orts- und Zeit-
empfindlichen Detektor nachgewiesen werden. Das Design des Spektrometers
ist mittels elektronenoptische Rechnungen und Simulationen mit dem MIRKO
Code [175] entwickelt worden. Das Spektrometer besteht aus einem 60◦ mag-
netischen Dipol mit Kru¨mmungsradius 200 mm, der 940 mm von der Tar-
getzone und sofort hinter der Targetkammer angebracht ist. Dieser Dipol
wird von einem magnetischen Quadrupoletriplet mit 80 mm Blendeno¨ffnung
und einem zweiten 60◦ magnetischen Dipol, der mit dem ersten Dipol elektro-
nenoptisch identisch ist, gefolgt. Darauf folgt ein Paar horizontale Schlitze zur
Impulsdefinition, daran schließt sich ein 2D ortsempfindlicher multi-hit fa¨higer
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Elektronendetektor an, der im Fokus des zweiten Dipolmagneten 40 cm hinter
den Schlitzen positioniert ist.
Die Elektronen, die im Spektrometer analysiert werden, werden in Koinzi-
denz mit den Ro¨ntgenphotonen, die aus der Targetzone emittiert werden,
gemessen. Die Ro¨ntgenphotonen werden mit einem Ge(i) Detektor nachgewies-
en, der am Target unter 90◦ in Bezug auf die Strahlrichtung aufgebaut ist.
Zeitkoinzidenzen werden zwischen den jenegen Elektronen gemessen, die in der
Vorwa¨rtsrichtung emittiert werden, und den Photonen, die unter 90◦ in Bezug
auf die Strahlrichtung ausgesendet werden (Abbildung 4.1a). Ebenso zwischen
den Elektronen und umgeladenen Projektilen U89+, Elektronenverlust (Abbil-
dung 4.1b), und zwischen den Elektronen und umgeladenen Projektilen U87+,
Elektroneneinfang (Abbildung 4.1c).
Im Koinzidenzero¨ntgenspektrum (Koinzidenz von Ro¨ntgenphotonen mit den
Elektronen, die in einen sehr engen Konus um die Vorwa¨rtsrichtung mit der
gleichen Geschwindigkeit wie das Projektil emittiert wurden) haben wir erstma-
lig Photonen nahezu ausschließlich von dem kurzwelligen Limit der Elektron-
Kern-Bremsstrahlung beobachtet (Abbildung 4.4). Fu¨r zwo¨lf Elektronengesch-
windigkeiten (49 a.u. < ve < 61 a.u.) um die Projektilegeschwindigkeit von
vp = 56.24 a.u. wurden Ro¨ntgenspektren in Koinzidenz mit Elektronen, die in
der Vorwa¨rtsrichtung emittiert, gemessen. Die resultierenden koinzident Ro¨nt-
genspektren (Abbildung 4.6) zeigen, dass die Ro¨ntgenspektren, die fu¨r Elektro-
nengeschwindigkeiten unterhalb Cuspgeschwindigkeit gemessen werden, deut-
lich niedrigere Ro¨ntgenintensita¨t enthalten, verglichen mit den Ro¨ntgenspek-
tren, die fu¨r Elektrongeschwindigkeiten oberhalb der Cuspgeschwindigkeit gem-
essen werden. Dieses fu¨hrt zu der gemessenen starken Asymmetrie der Cus-
plinie mit der ho¨heren Intensita¨t auf der Seite der hohen Impulse der Elektron-
cuspverteilung koinzident mit dem RECC Prozess (Abbildung 4.7), wie von der
Theorie [7] vorausgesagt.
In dem hier vorgestellten Experiment konnte auch erstmals der Transfer
IonisationsProzess (TI) bei relativistischen Geschwindigkeiten gemessen wer-
den: wir haben die Elektronen, die in der Vorwa¨rtsrichtung emittiert werden,
in Koinzidenz mit dem umgeladenen Projektil U87+(1s22s22p) (ein Projek-
til, das gleichzeitig ein Elektron anregt und ein Elektron in sein Kontinuum
166 Chapter6: Zusammenfassung
asymptotisch eingefangen hat) gemessen. Im resultierenden Kontinuumelek-
tronenspektrum (Abbildung 4.9) haben wir eine cuspfo¨rmige Impulsverteilung
beobachtet. Die Verteilung hat ein Maximum fu¨r Elektronimpuls von pe ≈
61.68 a.u., das entspricht Elektronen, die sich mit der Projektilgeschwindigkeit
von vp = 56.24 a.u. bewegen. Das Spektrum ist asymmetrisch mit der ho¨heren
Intensita¨t auf der Seite der niederen Impulse. Dies entspricht der Asym-
metrie eines nicht-radiativen Elektroneneinfangs ins Projektilkontinuum ECC
(Electron Capture to Continuum). Die gemessene Asymmetrie schließt als
Mechanismus fu¨r den TI den Kanal Anregung und Einfang, gefolgt von Au-
toionisation, aus.
Zum Vergleich und zur Impulskalibrierung haben wir gleichzeitig den Elek-
tronenverlust zum Kontinuum ELC (Electron Loss to Continuum) gemessen.
ELC ist die Anregung eines Elektrons von einem gebundenen Zustand des
Projektils in einem Kontinuumzustand des Projektils. ELC wird durch die
Koinzidenz zwischen den Elektronen, die in der Vorwa¨rtsrichtung emittiert
werden und den umgeladenen Projektilen U89+ gemessen. Wir finden fu¨r das
resultierende ELC Kontinuumelektronenspektrum (Abbildung 4.3) eine longi-
tudinal nahezu symmetrische Verteilung. Die Verteilung hat ein Maximum
bei einem Elektronimpuls von ≈ 61.68 a.u., das entspricht Elektronen, die
sich mit der Projektilgeschwindigkeit bewegen. Eine solche Symmetrie des
longitudinale ELC Cusp wird von der ersten Bornshen Na¨hrung vorhergesagt.
Innerhalb der Nachweisempfindlichkeit wurden keine Photonen in Koinzidenz
mit den ELC Elektronen gemessen. Das bedeutet, dass der ELC u¨berwiegend
nicht von einem simultanen radiativen Elektroneinfang in das Kontinuum be-
gleitet ist.
Mittels den gemessenen koinzidenten Elektronenspektren konnten wir auch
den nicht-radiative Elektroneneinfang in das Projektilkontinuum ECC (Electr-
on Capture to Continuum) untersuchen. In dem ECC Prozess wird ein gebun-
denes Targetelektron in einen niedrigliegenden Kontinuumzustand des Projek-
tils strahlungslos eingefangen. Da sich der Ladungszustand des Projektils in
diesem Prozess nicht a¨ndert ist eine Koinzidenz zwischen den Elektronen, die in
der Vorwa¨rtsrichtung emittiert werden, und um Ladungszustand unvera¨nderte
Projektile U88+ im Speicherring nicht mo¨glich. Infolgedessen kann der relative
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doppelte differentiale Querschnitt d
2σ
dpdΩ
fu¨r den nicht-radiative Elektronene-
infang in das Projektilkontinuum ECC nicht direkt u¨ber Elektron-Projektile
Koinzidenz gemessen werden, wie fu¨r das entsprechend ELC-Spektrum mit
Koinzidenzen zwischen Cuspelektronen und U89+ Projektile mo¨glich ist. Die
fast 100% Nachweiswahrscheinlichkeit fu¨r umgeladene Projektile in den Teilchen-
detektoren [188] im Ring ermo¨glicht jedoch eine alternative indirekte Ab-
scha¨tzung der relativen Querschnitte von ECC durch Subtraktion der relativen
differentiellen Querschnitte aller anderen mo¨glichen Prozesse, die zur Vorwa¨rt-
selektronemission anders als das ECC beitragen: ELC, RECC, und der kleine
Beitrag von dem simultanen Elektroneneinfang zum gebundenen Zustand und
Kontinuumzustand TI vom nicht-koinzidenten relativen differentialen Quer-
schnitte (alle Elektronen ermittelt durch den Elektrondetektor). Die resul-
tierende ECC Cuspverteilung (Abbildung 4.12) ist nahezu symmetrisch inner-
halb der Halbwertsbreite. Dieses wird fu¨r die semi-relativistische Stoßgeschwin-
digkeit erwartet, weil die longitudinal Asymmetrie des ECC bei ho¨heren Gesch-
windigkeiten (Zp/v → 0) abnimmt [52]. Auf der Flanke des Cusps unterhalb
30% des Maximums beobachten wir eine schwache Asymmetrie, zu kleinen
Elektronenimpulsen, in U¨bereinstimmung mit den Cuspmessungen bei niedri-
gen Stoßenergien [18].
Wir vergleichen unsere experimentellen Ergebnisse mit den 90 MeV/u U88+
mit N2 theoretischen Berechnungen, die von D. Jakubaßa-Amundsen fu¨r dieses
System gemacht wurden. Die theoretische Berechnung basiert auf der rela-
tivistischen Formulierung der Impulsna¨herung [6, 7]. Zwei grundlegende An-
nahmen wurden fu¨r molekulares N2 Target innerhalb der relativistischen Im-
pulsna¨herung gemacht: (1) Das N2 Targetsystem hat eine Struktur, dass die
Inter-Kern Absta¨nde verglichen mit den Stoßparameter charakteristisch fu¨r
Elektron Anregung groß sind. (2) Die Wechselwirkung tritt u¨ber ein kurzes
Zeitintervall auf, so dass die Umlaufzeit des N2 Elektrons in seiner Bahn lang
ist verglichen mit seiner Wechselwirkungszeit mit den U88+ Ionen. In dieser
Situation kann der Effekt der molekularen Bindungskra¨fte wa¨hrend des Zusam-
menstoßes vernachla¨ssigt werden. Anders gesagt, die locker gebundenen N2
Elektronen werden als quasi-free Teilchen behandelt. Der Vergleich zwischen
Experiment und Theorie zeigt offensichtlich eine sehr gute U¨bereinstimmung
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der Messdaten mit den Resultaten der relativistische Impulsena¨herung, beson-
ders hinsichtlich der Cuspform und der Cuspasymmetrie. Der Vergleich zeigt
aber auch, dass noch spezifische Diskrepanzen existieren.
Im Rahmen der vorliegenden Arbeit wurde auch das GSI Reaktionsmikroskop
fu¨r Ru¨ckstoßionen und Elektronen als Teil des neues ”Extended Reaction Mi-
croscope” in Betrieb genommen. Wir haben die Longitudinalimpulsverteilun-
gen von niederenergetischen Elektronen sowie Ru¨ckstoßionen gemessen, die in
der simultanen Ionisation von Projektil und Target in Sto¨ßen von 3.6 MeV/u
Ne3+ mit Argon emittiert wurden: Ne3+ +Ar → Ne4+ +Ar1+ + efast + eslow
Die gemessene Emission von niederenergetischen Elektronen war nicht isotrop,
wie eigentlich fu¨r die kleine Sto¨rung durch das Ne3+ Projektil erwartet ist,
aber es zeigte eine unerwartete starke Vorwa¨rtsasymmetrie (Elektronen werden
meistens in die Vorwa¨rtsrichtung gestreut). Die Ru¨ckstoßionenimpulsverteilung
hat ein Maximum bei einem kleinen negativen Wert des Longitudinalimpulses,
das bedeutet, dass Ru¨ckstoßionen u¨berwiegend entgegengesetzt in Bezug auf
die Richtung der Emission von langsamen Elektronen gestreut werden (Abbil-
dung 3.26). Die gemessene Longitudinalimpulsverteilung der Ne4+ Projektile
war einer scharfer Peak mit seiner Mitte nahe Impuls null (Abbildung 3.27). Es
folgt, dass der Longitudinalimpuls des langsamen Elektrons weder durch die
Longitudinalimpulsa¨nderung vom Projektil noch durch die Longitudinalimpul-
sa¨nderung vom Projektilelektron kompensiert wird, wie es vielleicht zu er-
warten war, sondern hauptsa¨chlich durch die ru¨ckwa¨rtige Emission des Ar1+
Ions. Das GSI Reaktionsmikroskop ist inzwischen an das Vorwa¨rtselektro-
nenspektrometer am ESR Jettargetzone angeschlossen (Herbst 2006 ) um als
”Extended Reaction Microscope” kinematisch komplette Experimente bei rel-
ativistischen Energie zu ermo¨glichen.
Chapter 7
A View into the Future
In the elementary process of electron nucleus bremsstrahlung at the short
wavelength limit, the photon receives the entire kinetic energy of the incident
electron and leaves the outgoing electron with virtually no kinetic energy and
cannot be detected in coincidence with the emitted photon. Consequently,
most of authors dealing with bremsstrahlung at the short wave length limit
have considered either the doubly differential cross section, differential in pho-
ton energy and direction, integrated over the angles of the outgoing electrons
or only the singly differential cross section, differential in photon energy, in-
tegrated over the angles of final electrons and photons [18, 38, 44, 191]. The-
oretical calculations show that although the outgoing electrons have virtually
zero velocity, their angular distribution is still correlated to the direction of
emission of photons (see section 2.1.2) and the fully differential cross section
for the short wavelength limit of electron nucleus Bremsstrahlung depends on
the direction of the outgoing electron.
Using RECC as inverse kinematics we find ourselves in a situation where
we can conceive an experiment in which the emission directions of the emitted
photons and of the scattered electrons (in the projectile frame) are measured
in coincidence in order to get the complete differential cross section for the
short wavelength limit of Bremsstrahlung.
Apparently the emission direction of the photon is given by the location of
the x-ray detector, whereas determination of the initial transverse momenta
of the scattered electrons in the projectile reference frame and their azimuthal
169
170 Chapter7: A View into the Future
distribution resulting from the ionizing collision is obtained from the infor-
mation contained in the distribution of counts on the image of the 2D-PSD
after careful electro-optical mapping of electrons from the target zone to the
electron detector. For this purpose, the spectrometer needs to be operating
in the telescopic imaging mode with the focus in the slit plane with narrow
opening of the momentum defining slits.
It is further planned to measure the differential cross section of e-n bremsstrahlung
including polarization correlations. It is reported [18] that the emitted radi-
ation is totally polarized in the collision plane defined by the directions of
the emitted photon and scattered electron. This is to be measured by an
electron-photon coincidence experiment using a pixel x-ray detector sensitive
to polarization of the emitted photons.
It is also planned to perform kinematically complete experiments at rela-
tivistic energies in which all momentum components of the collision products
are determined in coincidence. This will be possible using the extended reac-
tion microscope resulting from the combination of the forward electron spec-
trometer with our reaction microscope which is planned in the few months to
come.
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